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ABSTRACT 
 
 
Existing test methods to characterize ASR potential of aggregates and mitigation 
ability of supplementary cementing materials such as the Accelerated Mortar Bar Test 
(AMBT) and the Concrete Prism Test (CPT) are widely accepted in the industry.  
Although, the AMBT is a rapid test, the results from this test can be unreliable, 
particularly with certain types of aggregates.  The CPT is considered as a more reliable 
test; however, the duration of this test method renders it impractical for routine usage in 
the industry to screen deleterious materials or inefficient ASR mitigation measures.  This 
research presents a new test method-Miniature Concrete Prism Test (MCPT) that 
overcomes the deficiencies of the AMBT and the CPT.  In this test, 2 in. x 2 in. x 11.25 
in. concrete prisms are used and both coarse and fine aggregate can be evaluated in their 
native states without the need of excessive crushing as seen in the AMBT.  Concrete 
prisms prepared with aggregates in question and high-alkali cement with boosted alkali 
content to 1.25% Na2Oeq. by weight of cement are conditioned in a bath of 1N NaOH at 
60°C for a period of 56 days or 84 days depending on the 56-day expansion behavior of 
the specimens.  This test method can also be employed to assess the mitigation 
effectiveness of supplementary cementing materials.  For the majority of aggregates, 
concrete prism expansion at 56 days determines the reactive nature of the aggregate.  For 
a small minority of aggregates that tend to be slow/low reactivity, expansion 
measurements up to 84 days are needed to characterize their behavior. Different 
parametric investigations were carried out to determine the influence of specific test 
variables on the results and calibration of the test method using a wide range of reactive 
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and non-reactive aggregates (33 in total, 19 CA and 14 FA). The aggregates studied in 
this project were selected based on their established field performance.  Results from the 
MCPT of 12 reactive and non-reactive aggregates with known field performance were 
compared with the results from the AMBT and the CPT methods. MCPT 56-day data was 
best correlated with CPT 1-year data (R
2
= 0.9945). Once the protocol was established, 
the effectiveness of different ASR mitigation measures such as -Fly ash (9 different types 
at different dosages, 15%, 25%, 35%), Slag (40% dosage), Silica fume (10% dosage), 
Meta-kaolin (10% dosage) and LiNO3 (50%, 100% and 150% dosages) were 
investigated. MCPT 56-day results of mitigation measures were compared with the CPT 
2-year and ASTM C 1567 14-day expansion results. MCPT 56-day data (normalized as 
% of limiting value of 0.020%) matched well with the CPT 2-year data (normalized as % 
of limiting value of 0.040%). The Factorial design (a statistical model) concept was 
employed to investigate the basic parameters’ effects on the ASR related expansion of 
job concrete mix design (such as w/c, cement content, alkali content of cement, etc.). 
Finally, an approach to evaluate ASR potential of job concrete mixture was proposed and 
two airfield taxiway-job mixtures with known field history were tested using the MCPT 
in this regard.  
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1 
CHAPTER ONE 
 
INTRODUCTION 
 
 
General 
 
Alkali-silica reaction (ASR) is a chemical reaction between alkali hydroxides in 
the concrete pore solution generally derived from the portland cement and reactive silica 
(SiO2) in certain siliceous aggregates (e.g., chert, quartzite, opal, strained quartz crystals).  
The reaction produces a hygroscopic alkali-silica gel, often referred to as ASR gel.  
Formation of the ASR gel in itself does not cause distress in concrete, however when the 
gel absorbs moisture it has a tendency to swell and exert pressure on the surrounding 
concrete.  The stresses induced by the expansion of the ASR gel can exceed the tensile 
strength of concrete causing progressive cracking and associated deterioration. 
 
Alkali-silica reaction in concrete was first recognized by Stanton in the late 1930s as a 
source of deterioration
 
(Stanton 1940, 1942).  Over the last few decades considerable 
volume of research has been conducted to assess potential reactivity of aggregate to cause 
ASR distress in concrete.  Numerous test methods to assess aggregate reactivity have 
been proposed and standardized in the USA, Canada, Europe, China, Japan, and South 
Africa.  Of these, the Accelerated Mortar Bar Test (AMBT) (e.g., ASTM C1260, CSA 
A23. 2–25A, RILEM TC191-ARP-AAR2), originally proposed by Oberholster and Davis 
in 1986 has been widely adopted as an accelerated test method for evaluating alkali-silica 
reactivity of aggregate for use in concrete(ASTM C1260, RILEM AAR-2 2000, 
Oberholster 1986). However, the results from this test method can be unreliable due to 
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the aggressive conditions used in the test.  On the other hand, the Concrete Prism Test 
(CPT) (e.g., CSA A23.2–14A, ASTM C1293, RILEM TC191-ARPAAR3) is recognized 
as the most reliable test procedure which requires at least one or two years for results 
depending upon the purpose of the test.  The long duration required in this test method 
renders this method impractical for use in routine testing and evaluation of aggregate 
materials.  The limitations of the ASTM C1260 and ASTM C1293 test methods have 
spurred research in the development of new test procedures that are rapid and reliable in 
evaluating aggregate reactivity and efficacy of ASR mitigation measures. 
This research program focused on developing a rapid and a reliable test method to 
overcome the deficiencies of ASTM C1260 and ASTM C1293 test methods.  The 
proposed Miniature Concrete Prism Test (MCPT) was developed incorporating selected 
features of the ASTM C1260 and ASTM C1293 test methods to ensure a reliable 
prediction of the performance of aggregate and ASR mitigation measures while obtaining 
the results within a reasonable time frame that is of value to the construction industry. 
 
Objectives 
 
The principal objectives of this study are: 
 To develop a rapid and a reliable laboratory test method (MCPT method) to assess 
alkali-silica reactivity of aggregate. 
 To assess the applicability of the MCPT method to evaluate the effectiveness of 
various ASR mitigation measures.  
 To evaluate job mixture potential for ASR through MCPT. 
3 
 To investigate the job mix design parameters main effects and interaction effects for 
ASR expansion through MCPT. 
 
Scope of Research 
To investigate and validate the applicability of the proposed MCPT test method 
across a wide range of aggregate mineralogy and cementitious materials, a large suite of 
materials was assembled for this study.  This included 33 different aggregates from 
across the US and Canada of known mineralogy and field performance history.  Two 
ASTM C150 Type I cements were used in this study, which included a high-alkali 
portland cement (Na2Oeq of 0.82%) and a low-alkali portland cement (Na2Oeq of 0.49%). 
Nine commercially available fly ashes from power plants across the United States having 
a wide range of chemical compositions (5 Class F fly ashes and 4 Class C fly ashes or 
alternatively 3 Low-lime, 3 High-lime and 3 Intermediate-Lime) were used along with 
one source each of ground granulated blast furnace slag (GGBFS), silica fume and meta- 
kaolin.  Also, the applicability of a slightly altered version of the proposed MCPT method 
to test commercially available lithium nitrate admixture (30% wt. solution) was 
investigated.   
 
Summary of Research Approach 
The MCPT protocol is based on combining specific features of the standard 
ASTM C1260 (AMBT) and C1293 (CPT) test methods.   A preliminary version of the 
MCPT (referred to as p-MCPT protocol) was developed to ascertain the influence of 
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selected test parameters on expansion of test specimens in the p-MCPT protocol. After 
analyzing the sensitivity of the test method to the selected test parameters, the p-MCPT 
protocol was refined and revised to create a final MCPT protocol.  The approach taken to 
achieve the research objectives consisted of five phases: 
Phase 1 – In Phase 1 an extensive parametric study was undertaken to understand 
the influence of selected parameters on aggregate reactivity and test specimen expansion.   
The parameters considered in this study included: (i) specimen exposure environment, (ii) 
test temperature, (iii) soak solution concentration, and (iv) test specimen shape and 
dimensions.  In this Phase, the test parameters were predominantly evaluated using the p-
MCPT protocol. 
Phase 2 – With findings from Phase 1, the p-MCPT protocol was revised and 
refined in Phase 2.  Some of the test parameters such as test temperatures, test specimen 
shape and size, and concentration of the soak solution were derived from the results of 
tests in Phase 1. Certain other parameters such as the maximum aggregate size of the 
coarse aggregate, gradation of the coarse aggregate, the mixture proportions of concrete, 
the alkali content of the cement, and boosting the alkali content of the concrete to 1.25% 
were adopted based on prior experience from the standard test methods. 
Phase 3 – The third Phase of the research involved evaluating a wide range of 
aggregate with known performance history in the MCPT protocol and comparing the 
MCPT results with results from the AMBT and the CPT methods.  Based on magnitude 
of expansion and rate of expansion of the test specimens in the MCPT and the correlation 
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of the MCPT data with CPT, criteria for categorizing aggregate reactivity were 
established.   
Phase 4 – The fourth Phase involved evaluating supplementary cementing 
materials (SCMs) in the MCPT and developing correlation with the CPT to establish the 
criteria.  
Phase 5 – The fifth Phase involved investigating the applicability of the MCPT to 
evaluate job concrete mixtures with emphasis on studying the impact of individual and 
interaction effects of various parameters of concrete proportions on ASR expansion 
MCPT boundaries. 
 
Outline of Dissertation 
This dissertation is divided into 10 Chapters.  Chapters 1 and 2 provide 
introduction and the relevant background information for this research study.  Chapter 3 
presents the materials and the test methods employed in this study.  Chapter 4 presents 
the results from experimental studies conducted to evaluate the impact of a range of the 
MCPT test parameters on the expansions observed in the concrete prisms and develop a 
refined MCPT test method.  Chapter 5 focuses on the application of the MCPT test 
method to assess the alkali-silica reactivity of a wide range of aggregates and develop 
MCPT criteria for characterizing aggregate reactivity and establish correlations between 
the results from MCPT, AMBT and CPT methods.  In Chapter 6, the feasibility of 
applying the MCPT method to evaluate ASR mitigation measures is explored and criteria 
for evaluating the effectiveness of ASR mitigation measures are developed.  Chapter 7 
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presents the results from investigations conducted to assess the feasibility of employing 
the MCPT method to assess the ASR potential of job concrete mixtures. Chapter 8 
presents the development of a statistical model for fly ash mitigation in the MCPT. 
Chapter 9 presents the job concrete mixtures evaluation for ASR potential and finally, 
Chapter 10 presents the summary and conclusions from this research investigation.    
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
 
General 
This chapter presents a review of literature related to the mechanism of alkali-
silica reaction and the test methods developed to detect ASR prone aggregates.  The 
number of ASR-related test methods that have been developed over the last 7 decades are 
too numerous to be included here.  However, a review of significant test methods is 
presented in chronological order from 1940 to 2012. In addition, a more critical analysis 
of the pros and cons of selected test methods are presented to highlight the significance of 
this research.  
 
Mechanism of Alkali-Silica Reaction 
Alkali-silica reaction (ASR) is a chemical reaction between certain forms of 
reactive silica present in aggregates and alkali hydroxides present in the concrete pore 
solution.  The alkali ions (Na
+
 and K
+
) are primarily derived from the portland cement, 
although other sources can potentially elevate their concentration in the pore solution.  
These sources can include certain supplementary cementing materials that are high in 
available alkali content, certain types of aggregates that are rich in poorly crystallized 
feldspars which can deteriorate to release significant amounts of alkali into pore solution, 
certain types of deicing chemicals and some chemical admixtures among others.  The 
reactive silica can exist in certain aggregates in one or more forms such as amorphous or 
glassy silica (typically found in volcanic rocks such as Dacite, Andesite, Rhyolite and as 
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secondary silica cement in certain rocks such as quartzite, quartarenites, sandstones), 
hydrated silica or opal (such as in opaline shales), crypto-crystalline silica (such as in 
chert, flint, siliceous limestones, shales) and micro-crystalline and/or strained quartz 
(such as in certain igneous and metamorphic rocks such as granite, gneiss and quartzite).  
The alkali-silica reaction produces a hydrous alkali-silica gel, which in itself does not 
cause cracking, rather when the gel absorbs moisture and swells, results in cracking of 
surrounding concrete. 
 
History of ASR Test Methods 
Numerous test methods to assess aggregate reactivity have been proposed and 
standardized worldwide including USA, Canada, China, Japan, Europe, South Africa and 
other countries over the last seven decades.  Efforts are still continued to develop better 
versions of earlier test methods to address the issue of potential aggregate reactivity.  In 
addition to aggregate screening tests, several other ASR-related test methods have been 
developed as field test methods to detect presence of ASR reaction products in the 
concrete.  A brief chronological review of major published test methods from 1940 to 
2012 is given below, along with critical comparative review of the prominent ones. 
Stanton, T.E., 1940, California Division of Highway 
In the late 1930s, Thomas E. Stanton of the California Division of Highway first 
identified the ASR (Stanton 1940).  His research into ASR reaction and test methods to 
evaluate the potential of aggregates to undergo ASR started in May 1938 and continued 
for five years.  His research into a test method examined several different specimen 
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geometries and proportions including mortar bars (1 in. x 1 in. x 10 in), concrete prisms 
(2 in. x 2 in. x 11.25 in. with 50% sand and 50% coarse aggregate, max. aggregate size of 
0.75 inches), mortar cylinders (2 in. dia. x 4 in. long) which were subjected to different 
curing conditions.  These included continual wetting, continual drying, normal laboratory 
temperature and humidity, and alternate wetting and drying. The curing methods used 
were sealed container, air and water. The test duration varied from twenty eight days to 
five years. The test specimen conditioning temperature ranged from 70°F to 150°F 
(21.1°C - 65.5°C), and in some cases cycling heating and cooling.  He found that certain 
mineral constituents in some aggregates such as certain types of shales, cherts, and 
impure limestones found along the coast of California between Monterey Bay on the 
north and Los Angeles county on the south, had the potential to cause deleterious 
expansion in concrete due to some chemical reaction and it only happened when cement 
contained appreciable percentage of alkali as sodium and potassium oxides.  If the alkali 
content of cement was less than 0.6% then the expansion observed was found to be 
negligible. Another conclusion was that the partial replacement of high-alkali cement 
with a suitable pozzolanic material prevented excessive expansions.  His work formed the 
basis for the ASTM C 227 standard test method (mortar-bar test procedure).  
 
ASTM C 227-10, 1950, Standard Test Method for Potential Alkali Reactivity of 
Cement-Aggregate Combinations (Mortar-Bar Method) 
This test method was first published in 1950 and is based on the testing 
methodology described by Stanton (1940).  ASTM C227 was last reapproved/revised in 
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2010.  The test involves molding mortar bars (1 in. x 1 in. x 11.25 in) containing either 
the fine aggregate or the coarse aggregate (which has been crushed and graded to sizes 
required by ASTM C 227) in question and either a job cement or a reference cement of 
known alkali level.  Some aggregates such as gneisses and graywackes, which are more 
slowly reacting, will only expand in the mortar-bar test if the alkali content of the cement 
is boosted by the addition of alkali to a level of 1.25 percent.  The mortar is placed in 
metal molds to fabricate a set of four mortar bars. After hardening, i.e., keeping in the 
moist cabinet or room for 24 hours, the four mortar bars are demolded and measured for 
initial length. The specimens are placed over water in containers, and the containers are 
sealed to maintain 100 percent relative humidity. It is kept for 12 days at 38°C and then 
at 23°C and after 14 days the length is measured. Additional information of value may 
often be obtained by returning the specimens to the 38.0°C (100°F) storage after the 14-
day test and making additional measurements at later ages of 1, 2, 3, 4, 6, 9, and 12 
months. An average length change (for the four mortar bars) greater than 0.05 percent at 
three months and greater than 0.10 percent at six months test age is considered by ASTM 
C 33 to be excessive and indicative of potentially deleterious ASR. 
The problem of alkali leaching in this test was first reported before the test 
became standardized [Blanks et al., 1946] and the failure of test to correctly identify the 
potential reactivity of a numerous rock types is now well established [ACI 201-2R-0521; 
ACI 221-1R-98; Rogers et al., 2000; Rogers et al., 1989]. Another problem is 
maintaining optimum moisture conditions in the storage containers. For this reason, 
mortar bars made with graywacke, gneiss or other slower reacting aggregates are 
11 
recommended to be stored in containers over water but without wicks [Rogers et al., 
1989].  It is reported that insignificant expansion of mortar bars may result when 
potentially deleteriously reactive siliceous rocks are present in comparatively high 
proportion even when high-alkali cement is used in this test. This may occur because the 
alkali-silica reaction products are characterized by an alkali to silica ratio that is so low as 
to minimize uptake of water and swelling, or because of alkali leaching from the bars 
(ASTM C 227). 
 
ASTM C 289-07, Quick chemical method, 1952 
ASTM C 289 was originally approved in 1952. Last edition revised/approved in 
2007 as C 289 – 07. This method consists of crushing the aggregate source to 150 to 300 
μm (No. 100 to No. 50 sieve) particles and then immersing it in a 1N NaOH solution at 
80 degree C for 24 hours. The solution is then filtered and analyzed for the content of 
dissolved silica (Sc) and reduction in alkalinity (Rc) both of which are plotted on a 
standard graph defining areas of innocuous, deleterious, and potentially reactive 
aggregates. 
The quick chemical test has been extensively evaluated [Mielenz et al., 1948; 
Mielenz et al., 1950; Mielenz et al., 1958]. Correlations exist between the quick chemical 
test, and expansion of mortar bars made with high-alkali cement, petrographic 
examination of aggregates, and field performance. These correlations provided the basis 
for establishing the divisions on the graph used in ASTM C 289 to classify an aggregate 
with respect to potential for reactivity. 
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Many aggregates are not adequately identified using this test. A significant 
number of known alkali-silica reactive aggregates pass the test while many innocuous 
aggregates are identified as deleterious. The poor performance of this testing method can 
be blamed on 1) the interference of minerals such as calcium, magnesium, silicates, 
gypsum, zeolites, clay minerals, organic matter, or iron oxides and 2) the crushing and 
preparation of the aggregates especially with aggregates containing microcrystalline 
quartz (Berube, and Fournier 1993). 
 
The Conrow test, 1952, ASTM C 342, 1954- withdrawn -2001 
Standard Test Method for Potential Volume Change of Cement-Aggregate 
Combinations—This test method, described in ASTM C 342, is essentially a modified 
mortar-bar expansion test to determine potential expansion of a particular cement-
aggregate combination due to a number of mechanisms, including ASR. It had been used 
primarily for research on aggregates in Oklahoma, Kansas, Nebraska, and Iowa (Conrow 
1952). The test involves subjecting mortar bars to varying moisture and temperature 
storage conditions, and periodically measuring length change for up to one year. ASTM 
C 342 states that no acceptance limits for expansion have been established for this 
procedure. However, ASTM subcommittee work has indicated that expansion equal to or 
greater than 0.020 percent after one year may indicate unacceptable expansions due to 
alkali-silica reaction.  ASTM C342-97 was withdrawn in 2001. 
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ASTM C 295, Petrographic Examination of Aggregates, 1954 
ASTM C 295 was originally approved in 1954 and the last revised/approved 
version was released in 2008 as ASTM C295 – 08. Equivalent RILEM standard and 
British standards are AAR-1 and BS 812: Part 104, respectively. This method was based 
on the work conducted by Mather (Mather et al., 1950), “Method of Petrographic 
Examination of Aggregates for Concrete”. Petrographic examinations are made to 
determine the physical and chemical characteristics of the material, to describe and 
classify the constituents of the sample, to determine the relative amounts of the 
constituents of the sample that are essential for proper evaluation of the sample when the 
constituents differ significantly in properties that have a bearing on the performance of 
the material in its intended use, and to compare samples of aggregate from new sources 
with samples of aggregate from one or more sources, for which test data or performance 
records are available.  In a RILEM technical committee TC106 survey (RILEM 1993), it 
was found that most countries rated the petrographic examination as an essential 
screening test.  
The petrographic examination of aggregate samples provides a quick and reliable 
way to identify potentially reactive aggregate types. The tests may involve visual and 
microscopic examination of prepared samples— examining thin sections of aggregates 
using an optical microscope, sieve analysis, microscopy, scratch or acid tests. In some 
cases, the petrographic analysis can be completed using techniques such as X-ray 
diffraction, scanning electron microscopy (SEM), or IR spectroscopy. A petrographic 
examination is a useful screening procedure that can be done early in the development 
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and testing of a new aggregate source and as a periodic check of operating deposits. 
ASTM C 295 specifically recommends that the petrographer identify and call attention to 
potentially alkali-silica reactive constituents. The examination, however, cannot predict if 
potentially reactive materials are indeed deleteriously expansive.  
This test method suffers from the following limitations:     
The test needs an experienced petrographer. 
A microscopic analysis is a more involved and time-consuming procedure. Hence 
this analysis will typically use a smaller aggregate sample and therefore precautions must 
be taken to ensure that the sample is representative of the source. 
The results of a petrographic analysis will not reveal whether an aggregate will 
cause deleterious expansion in concrete; this needs to be evaluated using other test 
methods. 
Research and experience has indicated that petrographic analysis can fail to 
identify slowly reactive aggregates (Technical Services Center, 2009). 
 
ASTM C1293, Concrete Prism Test, 1950s 
In 1973, a concrete prism expansion test was introduced in Canada. This test had 
been developed by Swenson and Gillott in the 1950's (Swenson and Gillott, 1964) to 
identify the alkali-carbonate reactive rocks found in southern Ontario, Canada. ASTM C 
1293, Test Method for Determination of Length of Change of Concrete Due to Alkali-
Silica Reactivity (Concrete Prism Test) was originally approved in 1995. Current edition 
is ASTM C 1293-08b. The current version of the Canadian concrete prism test [CSA 
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(2000)], which has been adopted by ASTM (as ASTM C1293), uses a cement content of 
420 kg/m3 with the cement alkalis raised to 1.25% Na2Oeq by the addition of NaOH to 
the mix water. The concrete prisms, 3 in. x 3 in. x 11.25 in. (75 mm x 75 mm x 285 mm), 
are stored over water in sealed containers at 100°F (38°C). Aggregates are considered 
acceptable if the average expansion of concrete prisms is less than 0.040% at 1 year and 
for mitigation, material combinations are considered acceptable if the average expansion 
of concrete prisms is less than 0.040% at 2 years. 
The Canadians have experienced that due to leaching, concrete prisms exhibited 
less expansion than concrete blocks stored outside that have the same aggregates and 
same level of alkalis. Research has shown that approximately 35% of the alkalis 
originally in the concrete prism leach out into the water reservoir after 1 year, and as 
much as 20% after just 90 days (Thomas et al. 2006). 
The concrete prism test is used to assess both fine and coarse aggregate in 
concrete.  Equivalent Canadian, RILEM and British standards are CSA A23.2-14A, 
RILEM TC191-ARP-03 and BS 812: Part 123, respectively. 
The two major limitations of this test are as follows: 
Long Test Duration: The CPT requires at least one year or two years, depending 
upon the purpose of this test and as such is impractical for screening aggregates for a 
specific project and evaluating ASR mitigation measures, particularly in case of projects 
with a short construction schedule. 
Alkali Leaching: During the course of the test in the CPT method the alkalis in 
concrete prisms can potentially leach out of the prisms due to convective air currents that 
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develop within the storage container.  As a result, the CPT prism specimens can exhibit 
less expansion than their corresponding concrete blocks stored outside with the same 
level of alkalis. Indeed, as much as 20% of the alkalis originally in the concrete prism 
leach out into the water reservoir after just 90 days, and approximately 35% leach out 
after 1 year (Thomas et al. 2006). 
 
Osmotic Cell Tests, 1955 
A simple test method that combines both physical and chemical effects of ASR is 
the osmotic cell test was developed by Verbeck and Gramlich (1955). Its use eliminates 
the mechanics of materials effects that complicate mortar and concrete test data.  Osmotic 
cell pressure uses swelling pressure by dissolution. It has been used for a separate study 
of certain variables and the direct observation and control of some of the chemical and 
physical aspects of the reaction mechanism. Later progress had been made by Stark and 
Schmitt in development of the test to determine potential reactivity of aggregates (Stark, 
1983). The limitation of this test is that, in real structure osmotic cells can develop 
without ASR gel.  
 
Gel Pat Test, 1958 
The gel pat test originated in England as a qualitative method to characterize ASR 
(National Building Studies, 1958).  In the gel pat test, pieces of the aggregate under test 
are cast into cement paste pats which, after curing, are ground to expose the aggregate 
surfaces. The smooth, sawn surface of a mortar specimen containing the test aggregate is 
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immersed in alkali solution for a period of three days. If the aggregate is reactive, gel 
forms along the reacted particles, and the percentage of reactive constituents can be 
estimated. The test can be a simple means of evaluating an aggregate's potential for ASR 
(Fournier and Berube, 1993), despite its lack of quantitative measurements.  However, 
the test does not provide a quantitative measurement of the aggregate reactivity and as 
such does not render itself as a suitable method for standardization. 
 
Rock cylinder method, 1966 
The rock cylinder method (ASTM C 586) was designed to evaluate the potential 
reactivity of alkali reactive carbonate aggregates, but it has also been used with varying 
degrees of success to evaluate the alkali Silica reactivity. This test is based on work by 
Hadley (1964) and indicates whether a rock will expand when exposed to an alkaline 
solution. ASTM C 586 was originally approved in 1966. 
 
Concrete Cube Test, 1973 
The concrete cube test, also known as the “Dahms cube test,” was first developed 
and used in Germany (Bonzel and Dahms, 1973 and Dahms, 1977). The cube test is a 
qualitative method whereby 300 mm concrete cubes made with test aggregate are 
periodically inspected for cracking and gel exudations due to ASR. The cubes are stored 
in a moist room (≥ 95 percent RH) maintained at 40°C. An alternative method is to cast 
100 mm cubes and store them at 65 percent relative humidity and 20°C, with partial 
immersion in water. British and South African investigators use variations of this test 
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(Grattan-Bellew 1983).  This test method does not provide a quantitative measurement 
and is not suitable as a standardized test method for screening aggregate. 
 
Nordtest Accelerated Alkali-Silica Reactivity Test, Saturated NaCl bath method, 
1978 
This method was first developed by Jensen and Chatterji (JENSEN, et al. 1982) 
and has become known as Nordtest Building Method 295. The test is one of several 
modified, accelerated mortar-bar expansion tests. The method is intended to identify 
reactive fine aggregate that is problematic in Denmark. In this method, three mortar 
prisms are first water cured for 27 days. After that, they are stored in a saturated NaCl 
solution bath at 50°C. The size of the prisms is fixed at 40 by 40 by 160 mm. Sand to 
cement ratio is fixed at 3 and the water to cement ratio of the mortar is fixed at 0.5. 
Comparator readings are taken periodically for a period of eight weeks or more.  
However, this test method is limited to evaluating fine aggregates.  Also, considering that 
the driver of the reaction in this test is NaCl solution and not an alkali hydroxide solution, 
it is likely that the composition of portland cement is important in this test.  
 
JIS A1146, Mortar Bar Test Method, Japanese Industrial Standard (JIS) 
In the Japanese Industrial Standard method the alkali content of the cement is 
adjusted to 1.2% by adding required amount of 1 N NaOH to mixing water. The mixture 
proportion of the mortar is- water: cement: aggregate = 0.5:1.0:2.0. Three mortar bar 
specimens are cast for each cement–aggregate combination. The initial lengths of the 
19 
mortar bars are measured immediately after removing the mold. They are then placed in 
the fog container, which is maintained at temperature of 40° C and relative humidity 
(RH) of 100% for a period of 6 months. The lengths of the mortar bars are measured at 
weekly intervals.  This method suffers from a long test duration of six months required to 
obtain a result. 
 
Chinese Autoclave Test (CES 48:93), Japanese autoclave test, 1983 
The Chinese autoclave method was proposed by Tang et al. (1983). Chinese 
autoclave test (CES 48:93) method is performed at 150°C and requires only one day. Bar 
size (10 by 10 by 40 mm). Expansion criterion is 0.10% at 6 h.   However, many of the 
slowly reactive aggregates are not identified in this method. 
 
ASTM C 1260, Accelerated mortar bar test (AMBT); South African mortar-bar 
test- Oberholster and Davies, 1986 
The accelerated mortar bar test (AMBT) was developed by Oberholster and 
Davies (1986) at the National Building Research Institute (NBRI) in the Republic of 
South Africa.  This test is a modification of ASTM C227, where in 50 mm x 50 mm x 
285 mm (1 in. x 1 in. x 11.25 in.) mortar bars are prepared using a standard aggregate 
gradation.  The portland cements meeting the requirements of ASTM C 150 can be used 
in this test; however, the autoclave expansion of the cement is limited to 0.20%.  
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The test involves the immersion of mortar bars in 1N NaOH solution at 800 C 
(1760 F) for 14 days.  This test produces results within 16 days from the time of casting. 
The test was originally approved in 1989 and revised/reapproved in 2007 as ASTM 
C1260 – 07. It was also approved in Canada in 1994 by CSA A23.2-25A (94). Equivalent 
RILEM standard is AAR-2, and British standard is DD 249: 1999.  
Coarse aggregates can be evaluated in this test method; however they have to the 
crushed to sand size (< 5 mm) and then washed and graded to meet the grading 
requirements of the test. Sands have to be washed and graded to meet the same grading 
requirements. The test is intended to evaluate coarse and fine aggregates separately, and 
should not be used to evaluate job combinations of coarse and fine aggregates. 
Mortar bar expansions of less than 0.10% at 16 days after casting are indicative of 
innocuous behavior in most cases. If the average expansion is greater than 0.10% but 
below 0.20%, the aggregate may be slowly reactive.  Aggregates that exhibit expansion 
in this range are known to be both innocuous and deleterious in field performance and 
additional confirmatory tests should be performed. If average expansion exceeds 0.20 
percent, the aggregate is considered deleteriously reactive. 
This test method has been known to produce false positive and false negative 
results. A false positive test result is one when the test identifies an aggregate as 
deleterious; however its performance in field is good.  Even though this test is capable of 
detecting reactive aggregates, it was also found to be too severe on a large number of 
aggregates that have performed well in the field as well as in the concrete prism method, 
ASTM C 1293. In particular, the aggregates that tend to be mischaracterized in this test 
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method include greywackes, lithic gravels, some hornfelses, gabbros, and andesites 
(Bérubé and Fournier 1993).  
A false negative test result is one when the test identifies an aggregate as 
innocuous; however the aggregate is found to be deleteriously reactive in the field.  
Generally, false negative results are not as common as false positive results in this test; 
however there appears to be an increasing number of coarse aggregates, e.g. four coarse 
aggregates reported by Folliard (2006) that pass the ASTM C1260 test but fail the ASTM 
C1293 test.  False negative cases were recently reported with aggregates such as granitic-
gneiss, metadacite, granodiorite among others in which AMBT indicates a nonreactive 
aggregate, but in which concrete containing the aggregate has been found to be reactive 
in both the field and in the CPT method [Folliard et al. 2006]. 
Although this test method is widely adopted in practice, it has some major 
limitations.  These include the following: 
Excessive Manipulation/Crushing of Aggregates: Coarse aggregates must be 
crushed to sand size (< 4.75 mm) and then washed and graded to meet the grading 
requirements of the test.  Excessive crushing may alter the availability of reactive silica 
within the matrix of the aggregate and therefore the reactivity of the aggregate. 
High Test Temperature: A storage temperature of 800 C is a requirement, which 
is too high for typical field exposure conditions, thereby causing unrealistic levels of 
expansion in the test specimens. 
Job Mix:  This test method cannot be employed to evaluate a particular concrete 
mixture with specific combination of cement, admixtures and aggregates.   
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False Positives and False Negative Test Results: The excessive proportion of false 
positive and false negative test results in this method limits the effectiveness of AMBT in 
reliably evaluating aggregate reactivity [Berube et al., 1993; Berube et al., 1992; Fournier 
and Berube 2000; DeMerchant et al., 2000; Marie et al., 2000, Chau et al., 2004; Folliard 
et al. 2006]. 
 
The Simple Chemical Method, 1989 
It is based on a fundamental consideration of the reaction mechanism of alkali–
silica reaction. In this method 100 g aggregate, in its natural state, is digested at 70° C in 
a suspension of Ca(OH)2 in saturated KCl for 16 h. The nascent CaCl2 depresses the 
solubility of Ca(OH)2 in solution. The difference in Ca(OH)2 contents of the test mixture 
and a control mixture with a non-reactive quartz sand corresponds to the amount of K
+
 
that has entered in the hydrated lime–alkali–silica complex. The difference is determined 
by titrating the two solutions with HCl. This proposed method has a number of 
advantages. The method is simple and does not need complicated instruments. It can be 
carried out in a quarry and result is obtained generally within 24 h (Chatterji, 1989).  
However, this test method has the limitation of no quantitative measurement in terms of 
degree of reactivity or the level of potential damage in concrete. 
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Autoclave Mortar Bar Test, 1991 
Fournier et al. (1991) developed a rapid autoclave test for mortar bars that 
provides results in a few days. The mortar bars are made according to ASTM C 227 
specifications, except that a fixed w/c of 0.5 is maintained, and the alkali content of the 
mortar is raised to 3.5 percent by the addition of NaOH to the mixing water. The bars are 
stored at 100 percent relative humidity at 23 °C for two days before autoclave treatment. 
The autoclave procedure follows ASTM C 151, except that the steam curing is five hours 
at 130°C and 0.17 MPa. Only two length measurements are taken, one after two days of 
moist curing and the second when the bars have been cooled to 23 °C after autoclave 
treatment. 
 
Accelerated Concrete Prism Test, 1992 
In 1992, Ranc and Debray proposed accelerating the rate of expansion in the 
concrete prism test and, hence shortening its duration by increasing the exposure 
temperature to 60 °C (140 °F). Since then, there have been a number of studies on the 
accelerated test and it was proposed that a three-month expansion limit of 0.040% would 
be suitable for identifying reactive aggregates. Subsequent research conducted to 
correlate this accelerated concrete prims test with standard concrete prism test yielded 
conflicting findings.  Thomas et al. found that the 3-month expansion results in the 
accelerated concrete prism tests showed good correlation (R
2
 = 0.9808) with results from 
the 1-year long standard concrete prism test (Thomas et al. 2006). However, this test 
method also suffers from the concerns similar to CPT such as leaching of alkalis from the 
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concrete prisms.  Also, the test duration is still somewhat longer with a requirement of 
expansion limit of 0.040% at 3-months (13-weeks). 
 
Japanese autoclave test is JIS A 1804 
The rapid test method JIS A 1804 for identification of the alkali reactivity of 
aggregates was published on 1 March 1992 in Japan. This method is one of the standard 
test method series for production control of concrete designated as JIS A 1800s ( (Koichi 
1994).  Mortar bar specimens made of crushed sample aggregate, standard sand, cement 
and NaOH solution are placed in boiling water in a pressure vessel (gauge-pressure 0·15 
MPa, temperature 127°C) for 4 h after a 2-day curing. Alkali reactivity of an aggregate is 
evaluated by any one of the following three items: ultrasonic pulse velocity ratio, relative 
dynamic modulus of elasticity and length change between, before and after the boiling. 
This test is limited by similar shortcomings as ASTM C 1260 test method. 
 
Modified gel pat test, Fournier, 1993 
A modified gel pat test was developed in which polished concrete slices, 75 mm × 
75 mm × 25 mm in size, were immersed in a 1N NaOH solution at 38°C for 56 days. A 
rating system, called the gel pat test rating (GPTr), was then developed to quantify the 
amount of gel formed on the polished concrete sections. The basic parameters used are 
(1) the proportion of particles showing gel deposits on their surface, and (2) the average 
amount of gel formed at the surface of the particles. The method was applied to 65 
samples of carbonate aggregates from the St Lawrence Lowlands of Quebec (Canada). 
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Fairly good correlations were obtained between the GPTr and the results of various test 
methods currently used to evaluate the potential alkali-reactivity of concrete aggregates 
in Canada. (Fournier, B., and Berube, M. A. (1993). 
 
Chinese Accelerated Mortar Bar Method—CAMBT 
It was developed in China by combining the advantages of the Chinese autoclave 
method and the AMBT method (Xu Zhongzi, 1998). In the CAMBT, a single size 
fraction of fine aggregate (0.15–0.80 mm) and a high-alkali system of 1.5% Na2Oeq 
(obtained through the addition of KOH to a low-alkali cement) are used, which are the 
same as in the Chinese autoclave test. 
 
Chinese Concrete Microbar Test (RILEM AAR-5), 1999 
Chinese Accelerated Concrete Microbar Method was developed by Nanjing 
University of Chemical Technology, China, (Xu et al., 1999). It evaluates alkali-silica 
reaction expansions by using aggregate having particles size between 4.75 and 12.5 mm 
(No. 4 and 1/2 in.), a water-cement ratio (w/c) of 0.33, and an aggregate-cement ratio of 
1:1.Prismatic 40 x 40 x 160 mm (1.58 x 1.58 x 6.30 in.) microbar specimens are stored at 
80 °C (176 °F) in 1 N NaOH solution similar to that applied in the AMBT. Materials: 900 
g of cement, 900 g of 4/8 mm aggregate, and 290 ml of water for each batch for three 
concrete bars. Length measurements are taken at 1, 2 days (or 3 or 4 days), 7 days, 14 
days, 21 days and 28 days. 
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Modified Versions of ASTM C 1260 and ASTM C 1293 Test to Evaluate ASR 
Potential of Recycled Concrete, 2000 
ASR of field pavement cores and recycled concrete aggregate (RCA) was 
investigated using techniques and procedures to accelerate the standard ASTM C 1260 
and ASTM C 1293 tests normally utilized to evaluate conventional aggregate by Gress et 
al.(2000). Laboratory RCA concrete testing included evaluating prisms and cubes with 
and without holes added to increase the surface to volume ratios and variable moisture 
storage conditions such as placing the specimens in evacuated bags with surface water. 
Standard 280 mm (11 in) prisms with 76.2 mm (3 in) faces, cast with four 6.35 mm (0.25 
in) parallel longitudinal holes were shown to accelerate ASR. The expansions of concrete 
76.2 mm (3 in) cubes were found to be much higher than standard prisms at any given 
time. Modified versions of ASTM C 1260 and ASTM C 1293 were found to effectively 
accelerate ASR.  
 
Universal Accelerated Test for Alkali-Silica and Alkali-Carbonate Reactivity of 
Concrete Aggregates, 2008 
This test method was based on modifications to the Chinese Microbar Test 
Method. In this test method a single size fraction of 2.5–5.0 mm aggregate particles is 
used. Three bars, 40 mm x 40  mm x 160 mm, made at fixed cement-aggregate ratio of 
1:1, and water-cement ratio of 0.33  are used and the length change of the bars is 
monitored till 28 days in 1 M NaOH solution at 800 C after being soaked in 800 C water 
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for 24 h. The acceptance criterion is 0.093% at 14 days ( Duyou, Fournier et al., 2008).  
The shortcomings of this test method are similar to that of the ASTM C 1260 method. 
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CHAPTER THREE 
 
MATERIALS AND METHODS 
 
 
Introduction 
 
The materials used in the development of MCPT method are known reactive and non-
reactive aggregates. Different test parameters were investigated with all of these 
aggregates to assess the influence of test parameters on the potential reactivity of the 
aggregates. In each case a known reactive coarse aggregate was used with a non-reactive 
fine aggregate. The methods used in the development were ASTM C 1260 (accelerated 
mortar bar test), ASTM C 1293 (concrete prism test) and preliminary version of 
Miniature Concrete Prism Test.  The results from each of the tests were correlated. 
 
Materials 
 
Aggregates 
Four well-known reactive aggregates were selected in Phase 1 study.  These included: 
1. Siliceous Limestone from Spratt Quarry in Ontario, Canada  
2. Rhyolitic Gravel from Las Placitas Pit in Bernalillo County, New Mexico  
3. Argillite from Gold Hill Quarry in Gold Hill, North Carolina  
4. Quartzite from Dell Rapids Quarry in Dell Rapids, South Dakota 
 
The reference non-reactive aggregates used in this study included the following: 
1. Limestone from Adairsville Quarry in Adairsville, Georgia (Coarse Aggregate) 
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2. Siliceous sand from Dixiana Plant in Pineridge, South Carolina (Fine Aggregate) 
Cement:  
 
The properties of these aggregates are shown in Table 3.1. 
 
Table 3.1. Properties of the Aggregates Used in Phase-I 
 
Property 
Spratt 
(CA) 
South 
Dakota 
(CA) 
North 
Carolina 
(CA) 
New Mexico 
(CA) 
Adairsville  
(CA) 
Foster 
Dixiana 
(FA) 
SGOD 2.69 2.51 2.75 2.6 2.82 2.63 
SGSSD 2.71 2.52 2.76 2.63 2.83 2.64 
Absorpti
on, % 
0.46% 0.42% 0.34% 1.09% 0.35% 0.44% 
DRUW 
(kg/m
3
) 
1568 1557 1566 1585.3 1700 X 
DRUW 
(lb./ft
3
) 
97.91 97.24 97.76 98.97 106 X 
 
 
Cement 
A high-alkali Type I cement from Lehigh Cement Company, from Evansville 
Plant in Pennsylvania was used in this study.  The alkali content of the cement was 
measured at 0.82% Na2Oeq.  In addition, a low-alkali cement from ARGOS Cement 
company from Harleyville, SC was used in limited studies.  The chemical composition of 
these cements is shown in Table 3.2.  The autoclave expansion of both cements was well 
below 0.80 percent, at 0.03% for low-alkali cement and 0.018 percent for high-alkali 
cement. 
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Table 3.2. Chemical Composition of High-Alkali and Low-Alkali Cement  
 
Material  
Oxide composition by mass (%) Specific 
gravity SiO2            Al2O3  Fe2O3  CaO            MgO           SO3            [Na2Oe]  
High-Alkali 
Cement 
19.78 4.98 3.13 61.84 2.54 4.15 0.82 3.15 
Low-Alkali 
Cement 
20.6 5.1 3.4 64.50 1.0 3.1 0.49 3.15 
 
 
 
Reagents 
Reagent grade sodium hydroxide from Fisher Chemicals was used to boost alkali 
level of concrete to 1.25% Na2Oe by weight of cement. 
 
Test Methods 
 
 
Accelerated Mortar Bar Test (AMBT, ASTM C 1260) 
This test method is used for detecting the alkali-silica reaction potential of an 
aggregate intended for use in concrete. The gradation of the aggregate used in the AMBT 
method is shown in Table 3.3.  The procedure is widely used because of the short 
duration of the test. The AMBT procedure involves preparation of 25 mm x 25 mm x 285 
mm (1 in. x 1 in. x 11.25 in.)  mortar bars containing the aggregate in question.  After 
demolding, the mortar bars are cured for one day in water at 80°C followed by immersion 
in 1N NaOH solution at 80
0
 C (176
0
 F) for a period of 14 days.  The test produces a result 
within 16 days from the time of casting. Mortar bar expansions of less than 0.10 % at 14 
days after immersion in 1N NaOH solution are indicative of innocuous behavior, i.e. non-
reactive, while expansions more than 0.20% at 14 days are indicative of reactive 
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aggregates.  Aggregates that yield mortar bar expansions between 0.10% and 0.20% are 
considered to need further evaluation through other test methods such as ASTM C 1293. 
 
Table 3.3. Aggregate Gradation Requirement in AMBT 
 
Sieve Size 
Mass % 
Passing Sieve Retained on Sieve 
4.75 mm (No. 4) 2.36 mm (No. 8)  10 
2.36 mm (No. 8) 1.18 mm (No. 16)  25 
1.18 mm (No. 16) 600 μm (No. 30)  25 
600 μm (No. 30) 300 μm(No. 50)  25 
300 μm(No. 50) 150 μm(No. 100)  15 
 
 
CPT (ASTM C 1293) 
In the CPT procedure, a cement content of 420 kg/m
3
 is used with the cement 
alkalis raised to 1.25% Na2Oeq with the addition of NaOH to the mix water. The test 
method can be used for coarse or fine aggregate.  The gradation requirement for coarse 
aggregate in the test method is shown in Table 3.4.  The fine aggregate is tested as 
obtained as long as the gradation is within the limits of ASTM C 33 specifications.The 
concrete prisms, 75 mm x 75 mm x 285 mm (3 in. x 3 in. x 11.25 in.), are stored over 
water in sealed containers at 38
°
C. Expansions of less than 0.040 % at 1 year after casting 
are indicative of innocuous behavior, non-reactive. 
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Table 3.4. Grading requirement of CPT 
 
Sieve Size 
Mass % 
Passing Sieve Retained on Sieve 
19.0 mm (3/4 in.) 12.5 mm (1/2 in.) 33 
12.5 mm (1/2 in.) 9.5 mm( 3/8 in.) 33 
9.5 mm( 3/8 in.) 4.75 mm (No. 4) 33 
 
MCPT (Miniature Concrete Prism Test) 
The next chapter presents the development of a finalized MCPT method. 
However, in the process of finalizing various parameters of the method, a preliminary 
version of the MCPT method is adopted, the details of which are described below.  In this 
method, concrete prisms of dimensions 2 in. x 2 in. x 11.25 in. (50 mm x 50 mm x 285 
mm) are used.  A cement content of 708 lb. /yd
3 
(420 kg/m
3
) in the concrete is used.  For 
this purpose a high-alkali cement meeting an alkali content of 0.90% ± 0.10% is used.  
The alkali content of concrete is further boosted to 1.25% Na2Oeq. The nominal 
maximum size of coarse aggregate used in this test is ½ inch.  The gradation 
requirements of the aggregate are shown in Table 3.5.  Typically, coarse aggregate No. 7, 
per the ASTM C33 specification, will meet the requirements of MCPT. 
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Table 3.5 Grading requirement of MCPT 
 
Sieve Size 
Mass % 
Passing Sieve Retained on Sieve 
12.5 mm (1/2 in.) 9.5 mm (3/8 in.) 57.5 
9.5 mm ( 3/8 in.) 4.75 mm (No. 4) 42.5 
 
 
The concrete prism specimens prepared using the materials and methods described earlier 
are demolded 24 hours after casting.  After taking the initial length reading, the prisms 
are cured in water at 140
°
F (60ºC) for an additional 24 hours.  At the end of 48 hours 
from the time of casting, the zero-day length change reading is taken.  Thereafter, the 
prisms are transferred to 1N NaOH soak solution that has already been preconditioned to 
140
°
F (60ºC) temperature.  Subsequent length change readings are periodically taken at 
periodic intervals of 3, 7, 10, 14, 21, 28, 42, 56, 70 and 84 days. 
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CHAPTER FOUR 
 
DEVELOPMENT OF MCPT 
 
 
Introduction 
 
In this research study, a new test method - Miniature Concrete Prism Test 
(MCPT) was developed to assess the ASR potential of aggregates with greater reliability 
than the AMBT method and that correlates well with the CPT method.  Also the proposed 
MCPT method has short test duration of 8 weeks or 12 weeks, depending on aggregate 
reactivity compared to 1 year in the CPT.  
In this research a preliminary version of MCPT was developed conceptually, 
largely based on building upon the existing CPT and AMBT methods.  In doing so, 
certain selected aspects of AMBT and CPT features were modified. In particular, the 
features that render the AMBT unreliable, such as excessive crushing of fine aggregates, 
high test temperature, and small test specimen size were changed.  Features of CPT  that 
render it undesirable such as storage of test specimens in 100% RH environment that 
allows for alkali leaching from specimens to occur, lower test temperature that results in 
longer test duration were changed.  The beneficial features of AMBT such as storage of 
test specimens in 1N NaOH soak solution to accelerate ASR was adopted in the proposed 
MCPT method.  Similarly, the beneficial features of CPT method such as boosting the 
alkali content of cement to 1.25% by weight of cement, concrete prims instead of mortar 
bar were adopted in the MCPT method.  In addition to these other aspects of MCPT 
method to accelerate ASR in test specimens include, using a ½ in. maximum coarse 
aggregate size rather than ¾ in. maximum size (as used in CPT), soaking concrete prisms 
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in the 1N NaOH solution rather than store at 100% RH environment, using a storage 
temperature of 60°C instead of 38°C in the CPT or 80°C in the AMBT.  Also, using 
concrete prisms instead of mortar bars allows for using coarse aggregate in their native 
state without subjecting them to aggressive crushing and sieving operations which can 
significantly alter the reactivity behavior of the aggregate.  The proportions of materials 
in concrete is based on  similar procedure as followed in CPT, however, the volume 
fraction of dry coarse aggregate in the concrete is fixed at 0.65 rather than 0.70 owing to 
the smaller maximum size of coarse aggregate compared to that used in the CPT method.  
With these guidelines as the basis a preliminary version of the MCPT method was 
adopted to investigate the impact of a number of other variables, such as specimen size, 
specimen shape, storage environment, and test temperature on the expansion behavior of 
concrete prisms prepared with aggregates of established ASR potential. 
In this preliminary study, a total of 12 reactive and non-reactive aggregates with 
known field performance were tested under various conditions and results from MCPT 
were compared with the results from AMBT and CPT methods. In addition, another 21 
aggregates were tested in MCPT and the results were correlated with field performance. 
 
Experimental Investigation 
 
 The intent of this preliminary investigation was to ascertain the influence of 
selected test parameters on the expansion behavior of test specimens and select optimal 
values of these parameters in the proposed MCPT protocol. 
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1. Storage Environment: To overcome the effects of alkali leaching on expansion of 
prisms in the CPT method, two different storage environments for MCPT specimens 
were investigated: (i) MCPT test specimens were exposed directly to a 1N NaOH 
solution by soaking the prisms and (ii) MCPT test specimens were wrapped in wet 
towels soaked in a 1N NaOH solution.  In order to compare the effects of these two 
storage environments to the standard storage environment in the CPT method (i.e. 
100% RH environment), parallel studies were conducted on MCPT specimens 
subjected to 100% RH environment.  All these tests were conducted at 60˚C. 
2. Temperature of Test:  The AMBT test employs a storage temperature of 80˚C, which 
while accelerating the ASR mechanism is generally considered as an aggressive 
temperature that significantly increases the number of false positive test results.  The 
CPT method test employs a storage temperature of 38˚C, which although is not 
aggressive and does not increase the number of false positives results, it does not 
accelerate the ASR mechanism substantially for a rapid laboratory test method to 
provide results in a reasonably short time frame.  A more appropriate temperature to 
evaluate ASR potential of aggregates is perhaps 60˚C, a level of temperature that is 
not unrealistic considering the average temperature of concrete pavements in typical 
summer months.  Also, this level of temperature substantially can accelerate ASR to 
potentially yield valuable results in a shorter time frame, while not significantly 
changing the kinetics of the reaction.  At this stage, it is assumed that at a temperature 
of 60°C the stability of the typical hydration products was not significantly affected.  
Even if the sulfo-aluminate phases became unstable and dumped excess sulfate into 
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pore solution, it was assumed that the 1N NaOH soak solution employed in this test 
would maintain adequate alkalinity in the pore solution. 
3. Shape of Test Specimen: In this investigation, two shapes of test specimens were 
investigated – prisms and cylinders.  Prisms have traditionally been used in majority 
of ASR test methods and are standardized.  Cylinders, though not usually employed 
in ASR test methods, were used here to determine if the shape of the test specimen 
accelerates the expansion in the proposed test due to the fact that concrete matrix in 
the cylindrical specimen has equal access to alkali soak solution in all directions and 
there are no corner effects.  The specimen dimensions considered in this study are as 
follows: 
a. Prism – 50 mm x 50 mm x 285-mm (2in. x 2in. x 11.25 in.) 
b. Cylinder  -50 mm dia. and 285-mm in length (2in. dia. x 11.25in. long) 
Both of these specimens have the same ratio of surface area to volume ratio (2.177), 
and neither specimen geometry has any advantage of excessive exposure to the soak 
solution on a unit volume basis.   
4. Soak Solution Alkalinity: In order to accelerate the expansion of test specimens an 
additional source of alkali is provided in the standard test methods.  For instance, in 
the standard ASTM C 1260 test method 1N NaOH soak solution is employed, while 
in the CPT test method the alkali content of the concrete is boosted by addition of 
alkalis to raise the total alkali content of concrete to 1.25% by weight of the cement.  
In the MCPT method, the alkali content of the cement is boosted to 1.25%.  Also, the 
choice of using an external alkali soak solution in the MCPT was considered 
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appropriate in order to address the alkali leaching issues that are typically faced in the 
standard ASTM C1293 test method.  In order to ascertain the degree of acceleration 
as a function of soak solution alkalinity and establish a correlation between the two 
parameters, MCPT tests were conducted with soak solutions of three different 
alkalinities – 0.5 N NaOH, 1.0 N NaOH and 1.5 N NaOH concentrations.  In these 
tests, the ratio of the soak solution volume to the MCPT prism volume was 
maintained at two. 
 
In addition to the four main parameters that were investigated, additional 
investigations were conducted to ascertain their impact.  These included (i) the influence 
of the initial curing of the specimen (i.e. first two days) on the later-age expansions (ii) 
influence of using low-alkali cement instead of high-alkali cement to boost the total alkali 
content of concrete to 1.25% by weight of the cement (iii) effect of reactive coarse 
aggregate volume content in concrete on the expansion of MCPT concrete prisms and 
(iv) effect of the concrete prims size on the expansion behavior in the MCPT method. 
 
Materials 
 
Aggregates 
Four well-known reactive aggregates were selected in our preliminary 
investigation: siliceous limestone from the Spratt Quarry in Ontario, Canada; rhyolitic 
gravel from the Las Placitas Pit in Bernalillo County, New Mexico; argillite from the 
Gold Hill Quarry in Gold Hill, North Carolina; and quartzite from the Dell Rapids Quarry 
in Dell Rapids, South Dakota. The reference non-reactive aggregates used in this study 
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were limestone from the Adairsville Quarry in Adairsville, Georgia (Coarse Aggregate) 
and a pure siliceous sand (quartz) from the Dixiana Plant in Pineridge, South Carolina. 
 
Cement 
A high-alkali (alkali content of the cement was measured at 0.82% Na2Oeq) Type 
I cement from Lehigh Cement Company, from the Evansville Plant in Pennsylvania was 
selected for this study.   
 
Reagent Grade NaOH 
A reagent grade sodium hydroxide was used to boost the alkali level of concrete to 1.25% 
Na2Oe by the weight of the cement. 
 
Preliminary Investigation of Factors 
 
 The influence of the selected test parameters (storage temperature, storage method, 
alkalinity of storage environment and shape of test specimens) on expansion in the 
proposed MCPT method were investigated using same mixture proportions in test 
specimens as that used in the ASTM C 1293 test method, with some minor modifications. 
The maximum size of coarse aggregate in MCPT was limited to 12.5 mm (½ inches) 
instead of 19 mm (3/4 in.) in the ASTM C 1293 method.  When coarse aggregate larger 
than 12.5 mm is present in the aggregate to be evaluated, the coarser fractions are crushed 
to a maximum size of 12.5 mm.  This level of minimal crushing is not considered 
aggressive as the relative distribution of reactive minerals present in the aggregate due to 
crushing is not significantly redistributed into any one particular size fraction of the 
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aggregate.  Further, the net increase in the surface area of aggregate from crushing 
coarser aggregate to 12.5 mm is not significant compared to crushing coarse aggregate to 
sand-sized grains.  The volume fraction of coarse aggregate per unit volume of concrete 
in case of MCPT method was fixed at 0.65 rather than 0.70 as in the case of the standard 
ASTM C 1293 test method.  The lower volume fraction of the coarse aggregate in the 
MCPT method (resulting in slightly higher mortar fraction in the concrete) accounts for 
the smaller size of coarse aggregate used in the test method and allows for easier 
fabrication of test specimens.  When this test method is employed to evaluate the 
reactivity of the coarse aggregate, a non-reactive fine aggregate with proven field 
performance is employed and vice-versa for establishing the reactivity of fine aggregate.   
 The w/c was fixed at 0.45 for the MCPT method instead of a range of allowable 
w/c ratios from 0.42 – 0.45 as in the case of ASTM C 1293 test method. The alkali 
content of the concrete was boosted to 1.25% Na2Oeq. by weight of the cement, same as 
in the standard ASTM C 1293 test method.    
 
Effect of Temperature on Expansion of Concrete Prisms in MCPT 
To find the effect of storage temperature on the expansion of concrete prisms, 
three different storage temperatures: 38°C, 60°C and 80°C, were explored for all four 
aggregates in the proposed MCPT protocol. The expansion behaviour of concrete prisms 
for each of the four reactive aggregates in MCPT protocol at different test temperatures is 
shown in Figure 4.1.  Figure 4.2 shows the 56-day expansion of different specimens at 
each of the three temperatures evaluated.  It is evident that expansion of test specimens in 
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MCPT is highest in tests conducted at 80C, for all but one aggregate, NC Argillite.  In 
the case of NC argillite aggregate, tests conducted at 60C showed slightly higher 
expansion.  Though it is unclear as to why the NC argillite would deviate from the 
expected behaviour, it is likely that the characteristics of ASR gel produced at different 
temperatures differ, with the one produced at 60C showing more expansive behaviour 
than that produced at 80C.  In all cases, tests conducted at 38C showed the slowest and 
the least expansion at all test ages up to 84 days of testing.   
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(a)  (b)  
 
 
(c)  (d)  
 
Figure 4.1: Expansion of (a) Spratt (b) NM (c) SD (d) NC prisms at different 
temperatures in MCPT Protocol. 
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Figure 4.2: Influence of the test temperature on 56-day expansion of the MCPT 
specimens. 
 
Effect of Specimen Shape on Expansion 
 The intent of this investigation was to determine if a cylindrical specimen shape 
would significantly accelerate the expansion in test specimens compared to prismatic 
specimen shape, to substantially reduce the time to determine whether a particular 
aggregate is reactive.  In this case, prismatic and cylindrical specimens of comparable 
dimensions were evaluated in the proposed MCPT protocol using all four reactive 
aggregates.   
 The cylindrical specimens were 50 mm (2 in.) in diameter and 285 mm (11.25 in.) 
long, and the prismatic specimens were 50 mm x 50 mm x 285 mm (2 in. x 2 in. x 11.25 
in.).  These dimensions ensured that the surface area-to-volume ratio of the test 
specimens remained constant (= 2.177) regardless of the shape of the specimen.  In this 
study, all the test specimens were stored in 1N NaOH soak solution at 60C for a period 
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specimen shapes ranged from 16% to 33%, depending on the specific aggregate, with 
cylinders expanding more than prisms for all the aggregates (Figure 4.3). 
From the results it is evident that the cylindrical specimens eventually expanded 
significantly more than the prismatic specimens with each of the four reactive aggregates, 
and which was possibly due to the fact that average distance from the center to the 
exterior surface of the specimen is less in the case of the cylinder (25mm) than that of the 
prism (35 mm).  In this investigation, it was observed that fabrication of cylindrical 
specimens with cast in gage studs was cumbersome process and prone to significant 
variability that will likely result in large standard deviation in test results.  In contrast, the 
preparation of prismatic specimens with cast in gage studs is well established and the 
molds are readily available from commercial vendors.  Keeping these practical 
limitations in view, prismatic specimens with dimensions of 50 mm x 50 mm x 285-mm 
(2 in. x 2 in. x 11.25 in.), were considered ideal for the proposed MCPT protocol.  
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(a) Spratt Limestone (b) NM Rhyolite 
 
 
(c) SD Quartzite (d) NC Argillite 
 
Figure 4.3: Expansion comparison of the prisms vs. cylinder of (a) Spratt (b) NM (c) SD 
(d) NC prisms in the MCPT Protocol. 
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Effect of Storage Method on Expansion 
The intent of this investigation was to determine the influence of storage method of 
test specimens on their expansion in the MCPT test method.  Three different storage 
methods were investigated in this study:  
1. Specimens stored in 100% relative humidity condition  
2. Specimens soaked in 1N NaOH solution 
3. Specimens wrapped in wet towels and stored in 100% relative humidity condition, 
wherein the towels were presoaked in 1N NaOH solution and wrung dry before 
wrapping them around the specimens. 
 
This investigation was carried out in two phases.  In the initial investigation, MCPT 
test specimens containing Spratt limestone aggregate were subjected to all the three 
different storage methods, the results of which are shown in Figure 4.4a.  From these 
results, it can be observed that there is virtually no noticeable difference in test specimens 
that were stored in 100% relative humidity environment, regardless of whether they were 
wrapped in wet towels or bare specimens without any towel wrap. However, specimens 
soaked in 1N NaOH solution expanded significantly more than the specimens stored in 
the other two storage methods.  Based on these results, the towel-wrap method of storing 
the specimens for the remaining three aggregates was discontinued, the results of which 
are shown in Figures 4.4b, 4.4c and 4.4d. 
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(a) Spratt Limestone (b) NM Rhyolite 
  
(c) SD Quartzite (d) NC Argillite 
 
Figure 4.4: Influence of the storage conditions on the (a) Spratt (b) NM Rhyolite (c) SD 
Quartzite (d) NC Argillite prisms in MCPT Protocol. 
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Effect of Soak Solution Alkalinity on Test Specimen Expansion 
To ascertain the nature of the relationship between the soak solution alkalinity and the 
concrete prism expansion, limited studies were conducted using Spratt limestone 
aggregate at three different levels of soak solution alkalinity of 0.5N, 1.0N and 1.5N 
NaOH concentration.  The results from this investigation are shown in Figure 4.5 and 
Figure 4.6.  From these results, it is evident that at any age beyond 56 days the 
relationship between the expansion of test specimens and the soak solution alkalinity was 
found to be linear.  However, at earlier ages the impact of 1.0N and 1.5N NaOH on 
expansion of concrete prisms was minimal.  It is likely that in the initial stages (up to 28 
days), the attack on siloxane bridges within the aggregate is not dependant on the 
hydroxyl ion concentrations of 1.0M and above, however, once the siloxane bridges are 
broken in the aggregate and silanol bonds are formed, the concentration of hydroxyl ion 
concentration becomes dominant driving force driving the progress of the reaction 
further, and the effects of the ASR (i.e. expansion) are proportionate thereafter.  Thus, 
when the 56-day expansion of the MCPT specimens is plotted as a function of 
concentration of the NaOH soak solution, a linear trend is observed as seen in Figure 4.6. 
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Figure 4.5: Expansion behaviour of the Spratt MCPT prisms in different soak solutions. 
 
 
 
Figure 4.6: Influence of the soak solution alkalinity on the expansion of test specimens in 
MCPT containing Spratt limestone. 
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Effect of initial Curing Regime on Expansion Behavior of MCPT Specimens 
Past research with AMBT method has shown that soaking the mortar bars in 
water for the first after demolded resulted in significant leaching of alkalis from the test 
specimens.  However, as the AMBT specimens were subsequently conditioned by 
soaking in 1N NaOH solution, the impact of alkali leaching during the first day was not 
significant on the overall expansion behavior.  Similarly, alkali leaching in CPT 
specimens due to condensation of moisture on the specimens and the associated leaching 
of alkalis has been shown to have a significant effect on later age expansion in the test.  
Similar concerns exist with MCPT method. This aspect needed to be studied further to 
determine if any such negative impact of early age leaching of alkalis from MCPT 
specimens cured in water bath would have on later age expansion. 
In order to determine the impact of the first day curing on the subsequent 
performance of the MCPT specimens, an investigation was conducted. In this study two 
parallel MCPT tests were conducted on Spratt limestone aggregate, wherein one set of 
specimens (3 prisms) were subjected to the initial curing of  1 day submerged in water at 
60 degrees Celsius.  The other set of three specimens were stored in 100% RH 
environment at 60 degrees Celsius for one day soon after demolding. Subsequently, both 
sets of specimens were subjected to the standard storage conditions in MCPT test 
method, i.e. 1N NaOH soak solution at 60 degrees Celsius. Figure 4.7 shows the 
expansion behavior of MCPT specimens from this investigation. In Figure 4.7, specimens 
soaked in water at 60 degrees Celsius showed a slightly higher level of expansion at all 
ages, compared to those specimens stored at 100% relative humidity. However, this 
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difference was not significant. Therefore,, the concern that  soaking the specimens in 
water at early ages will substantially leach alkalis and affect the MCPT results does not 
appear to be valid.  Also, since the specimens are subsequently stored in 1N NaOH 
solution and replenishing the alkali level in the specimens, therefore, alkali leaching is 
not a concern in the MCPT method as it is in the ASTM C 1293 (CPT) test method.  
 
 
Figure 4.7:  Influence of Initial Curing Method on the Expansion of the MCPT 
Specimens. 
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Effect of Specimen Size on Expansion of Prisms in MCPT Method 
Concrete prism specimens of size 3in. x 3 in. x 11.25 in. were prepared and tested 
according to standard MCPT method for 84 days and the expansion behavior was 
compared with the 2 in. x 2 in. x 11.25 in. Spratt limestone was used in both cases.  
Figure 4.8 shows the expansion behavior of the two sets of prisms subjected to the MCPT 
method.  It is evident from these results that the size of the test specimen did not make 
any significant impact on later age expansions, although at early ages (up to 7 days), the 
larger specimen was slower to expand.  Also, the rate of expansion of both specimens at 
later ages was identical suggesting that the size of the specimen did not have a significant 
impact on the test results at 56 days and beyond. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8:  Effect of Specimen Size on Concrete Prism Expansion in the MCPT Method 
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Evaluation of Influence of Coarse Aggregate (volume fraction of dry-rodded CA) on Test 
Specimen Expansion 
In this investigation, three different levels of volume fraction of the dry-rodded 
coarse aggregate in the concrete mixture were studied - 0.700, 0.675 and 0.650 per unit 
volume of concrete with three aggregates: a granitic gneiss aggregate from  Liberty 
quarry, SC siliceous limestone from Spratt quarry in Ontario, and a rhyolitic gravel from 
Las Placitas Pit in NM.  The reason to investigate the impact of volume fraction of coarse 
aggregate on the performance in the MCPT is twofold.   
Firstly, the workability of fresh concrete is a function of maximum coarse 
aggregate size and its volume fraction, among other factors such as w/c ratio.  Generally, 
a larger coarser aggregate tends to require lower w/c ratio to attain a given workability 
compared to a smaller coarse aggregate size.  Considering that the maximum size of 
coarse aggregate is ½ in. in the MCPT method, a size that is smaller than that used in the 
standard CPT method, using a coarse aggregate volume fraction of 0.70 needed to be 
assessed to ascertain adequate workability was achieved with aggregates of different 
shapes.  For this reason three coarse aggregates of different shapes were employed.  The 
granitic-gneiss aggregate from Liberty quarry is a crushed stone and has almost a cubic 
particle shape. The siliceous limestone from Spratt quarry is a crushed stone and has a 
more asymmetric shape with sharp corners and edges.  Rhyolitic gravel from Las Placitas 
pit is a gravel and has a sub-rounded to rounded shape.  Achieving adequate workability 
of concrete ensures that the compaction of the test specimens can be conducted without 
any difficulty and the variability in test results from inconsistent compaction in test 
54 
specimens can be minimized.  Secondly, it was also important to establish the sensitivity 
of the concrete prism expansion to the reactive coarse aggregate content in the concrete.  
This knowledge was needed to optimize the mixture proportions of the MCPT concrete 
mixtures to maximize the possible expansion that can be attained in the test for a given 
set of materials. 
The results from these tests showed that the slump of the concrete increased with 
decreasing coarse aggregate volume content. The compaction effort to achieve a well-
compacted and uniform specimen was lower in concrete mixtures with the lower coarse 
aggregate content.  This finding was similar for all the three concrete mixtures; however, 
the difference in the ease of preparation of samples was more obvious in the case of 
angular aggregates such as aggregate from Liberty quarry and Spratt quarry. The 
expansion behavior of MCPT specimens with the three different coarse aggregate 
contents from these tests are shown in Figure 4.9. 
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Figure 4.9: Influence of Coarse Aggregate Volume Fraction in Concrete on the 
Expansion in the MCPT Method 
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Based on these limited results it appears that the influence of coarse aggregate content in 
the concrete within a narrow range of volume fraction of 0.650 to 0.700 was minimal at 
early ages, however, the expansions trends showed some divergence at later ages.  
However, no clear relationship could be observed between the volume fraction of coarse 
aggregate and the expansion of concrete prisms, when data from all the three aggregates 
is considered.   Considering these findings, it was decided that the dry-rodded coarse 
aggregate volume fraction of 0.65 be adopted in the MCPT method. 
 
Effect of Alkali Boosting (to 1.25%) Using Low-Alkali Cement and a High-Alkali 
Cement in MCPT 
In the standard ASTM C 1293 test, the use of a high-alkali cement having an alkali 
content of 0.90 ± 0.10% Na2Oeq. is mandatory.  The alkali content of the concrete is then 
further boosted to 1.25% Na2Oeq. by weight of cement.  This is done to alleviate the 
effects of alkali leaching in the concrete prisms as well as to maintain adequate alkalinity 
in the pore solution in the long run.  Typically, as cement hydrates a portion of the alkalis 
in the cement are incorporated into the matrix and are not available in the pore solution.  
Boosting alkali content in the concrete mixture to 1.25% provides adequate alkalinity to 
sustain active ASR in the concrete mixture over a long period of time.  While the use of 
high-alkali cement in the CPT method is justified, employing a similar requirement in 
MCPT needed to assessed.  For this reason, the influence of alkali boosting of cement in 
the MCPT concrete mixtures was investigated with two cements having an entirely 
different alkali contents.  In this investigation, two sets of MCPT specimens were  
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prepared with Spratt limestone using two different cements: one set with a low-alkali 
(0.49% Na2Oeq.)  cement and another set with a high-alkali (0.82% Na2Oeq.) cement.  The 
total alkali content of the concrete in both cases was further boosted to 1.25% by weight 
of the cement by addition of reagent grade NaOH pellets into the mix water.  In these 
tests, the soak solution alkalinity was maintained at 1.0 N NaOH solution.  The results 
from these studies are presented in Figure 4.10. 
  
The results from this test show that up to 28 days, the differences in the inherent 
alkali content of the cement had little effect if any on the observed expansion.  However, 
at later ages, i.e. beyond 28 days, the concrete prisms with high-alkali cement showed 
slightly higher expansion than concrete prisms with the lower alkali content.  It is likely 
that the alkalis released from portland cement tend to be more gradual and therefore more 
likely to persist in the long run, compared to alkalis that are introduced into the fresh 
concrete mixture, as done in the case of standard CPT method.   
Typically, alkalis exist in portland cement predominanlty as alkali sulfates on the surface 
of the clinker grains, however a fraction of the alkalis also exist within the solid solutions 
of belite, calcium aluminate and calcium ferro-aluminate.  When water is added to 
cement, the alkali sulfates dissolve in the mix water in a relatively short period of time, 
releasing a significant portion of alkalis into pore solution.  However, the remainder of 
the alkalis that are part of the clinker structure are less likely to become available 
immediately.  Rather, these tend to be gradually released as the cement progressively 
hydrates.  A study by McCoy on a large suite of portland cements showed that only 10% 
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to 60% of the total cement alkalis are water soluble as determined by the ASTM C 114 
procedure for soluble alkalis. In other words, only a fraction of the total alkalis are 
readily available for dissolution into the pore solution.  The remainder, being part of the 
clinker structure, are only available much later to participate in any deleterious 
interactions. 
Studies have also shown that a significant portion of the alkalis released into pore 
solution is adsorbed into the C-S-H gel structure.  In the case of pure cement pastes, with 
relatively high C/S ratio C-S-H gel, studies have reported as much as 40% of Na+ and 
20% of K
+
 is captured through adsorption.   
Considering the factors discussed above, if MCPT specimens were not subjected 
to any soak solution, as is the case in standard CPT method, it would appear that when 
substantial amounts of external alkalis are introduced into fresh concrete containing a 
low-alkali cement, a portion of the alkalis are adsorbed into the hydration products during 
the early stages of cement hydration, consequently reducing their potential to promote 
ASR in the longer term.  However, when alkalis are gradually released into pore solution, 
as in the case of high-alkali cement, the alkali ions are likely to persist in pore solution 
for a longer duration and thus promote ASR at later ages.  
Although much of the earlier discussion is important and relevant in the case of 
CPT, where alkali content of concrete is fixed and no soak solution is employed, the 
presence of a soak solution in the MCPT method makes the contribution of cement 
alkalis somewhat of a lesser concern.  The findings from Figure 4.10 suggests that the 
inherent alkali content of the cement itself is less significant when evaluating the 
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reactivity of the aggregate in the presence of boosted alkali content in the MCPT method.  
Neverthless, considering the percent difference in expansion between the two tests at 56-
days is 10%, it is considered important from a standardization standpoint that the cement 
alkali content be fixed at 0.90% ± 0.10% Na2Oeq. in the test method.  
 
 
Figure 4.10: Influence of Cement Alkali Content on Expansion of Concrete Prisms in the 
MCPT Method 
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diamond bonded metal plates with progressively finer grit size, concluding at 1200 grit 
size.  SEM and EDX analyses were done to identify and confirm the ASR gel.  Figure 
4.11 shows an SEM image on the specimen with three locations where EDX spectra were 
obtained.  The weight percent of Na, K, Si and Ca are shown in Table 4.1.   
The SEM image in Figure 4.11 clearly shows the cracks in the Spratt limestone 
aggregate particle and that the ASR gel is flowing out of the aggregate particle into the 
adjacent cement paste.  The composition of the gel as seen in Table 4.1. is representative 
of typical ASR gel composition, with significant Na and K levels.   
 
 
 
Figure 4.11: Micrograph of Polished Concrete Section from an MCPT Specimen 
Containing Spratt Limestone 
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Table 4.1: Weight % of different elements at locations 1, 2, 3 in the SEM Image showing 
Spratt limestone MCPT specimen 
 
Spectrum Weight Percent 
Na Si K Ca Total 
Spectrum 1 6.73 39.56 11.49 42.22 100.00 
Spectrum 2 10.43 37.41 11.96 40.20 100.00 
Spectrum 3 15.62 22.30 5.91 56.17 100.00 
 
It is interesting to observe the gradients in the concentration of Na and K as a 
function of location of the ASR gel from the aggregate surface.  The results indicate that 
Na+ content of the gel progressively increases with the increasing depth into the 
aggregate from the surface, while K+ follows somewhat of a reverse trend, although the 
concentration at location and 1 and 2 is more of less identical.  It is likely that all of the 
Na+ in the ASR gel primarily came from either the alkali used in boosting the alkali 
content of the concrete, or from the NaOH soak solution used in the test; while majority 
of the K+ came from the inherent cement alkalis.  The Na+ being more readily available 
and mobile likely triggered the initial ASR distress, while K+ ions subsequently replaced 
the Na+ in the ASR gel.  Considering the opposite trends in the concentration of Na+ and 
K+ in the ASR gel at the three different locations in the aggregate particle, it appears that 
ASR gel would likely have formed in the interior first and then migrated outward.  
However, the trends in the Ca and Si levels do not seem to support the idea that the ASR 
gel was initiated within the aggregate and migrated outwards.  The Ca substitution in 
place of Na or K in ASR gel typically occurs at a later age, i.e. in a mature ASR gel.  
However, the results from this study show that the concentration of Ca is much higher in 
the gel located in the interior portion of aggregate (i.e. Spectrum 3) than that is observed 
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at the aggregate surface (Spectrum 1).  Although, the results do not yield a clear picture 
of the origin of the ASR gel relative to aggregate surface, it appears from the SEM-EDX 
analysis that the expansion observed in the MCPT specimens and the accompanied 
distress is due to classical ASR mechanism and the resultant ASR gel. 
 
Finalized MCPT Method 
 
Based on extensive testing of the factors that affect aggregate reactivity and the test 
specimen expansion, a finalized version of the MCPT method was established. In this 
method, concrete prisms of dimensions 50 mm x 50 mm x 285 mm (2 in. x 2 in. x 11.25 
in.) were found to be adequate and appropriate for evaluating the reactivity of both coarse 
and fine aggregates.  Concrete proportions to be used in preparing the MCPT specimens 
are as follows: 
 
Cement Content of the Mix:   420 kg/m
3 
(708 lb./yd
3
)  
Water-to-Cement ratio:   0.45 
Coarse Aggregate Vol. Fraction:  0.65  
Maximum size of Coarse Aggregate:  12.5 mm (1/2 in.) 
Coarse Aggregate Proportion  
(% by weight of total coarse aggregate): 
 12.5 mm – 9.5 mm:   57.5%  
 9.5 mm – 4.75 mm:   42.5%  
Fine aggregate:    Determined based on ACI 211 Absolute 
Volume Method, i.e. by subtracting the volume of all the other ingredients from 1 m
3
 of 
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concrete.  For this purpose, the entrapped air content of concrete is assumed to be 2.5% 
for a ½ in. maximum size coarse aggregate. 
The proportions of each fraction of coarse aggregate were selected so as to 
maintain an approximately constant specific surface area across each of the two aggregate 
size fractions. 
The concrete prisms after demolding are cured for one day in a water bath at 60°C 
followed by storage in 1N NaOH solution at 60°C for the remainder of the test duration.  
Periodic length-change measurements are taken at intervals to monitor the expansion in 
the test specimens. A more detailed procedural description of the test method can be 
found in Appendix A. In the next chapter, the results from MCPT tests on a large array of 
coarse and fine aggregates are compiled and analyzed to arrive at defining the failure 
criteria for aggregate in the MCPT method. 
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CHAPTER FIVE 
 
EVLUATION OF AGGREGATES AND CORRELATION OF MCPT WITH CPT AND 
AMBT 
 
 
Introduction 
 
To validate the findings from the studies conducted in Phase I studies studies on 
the MCPT method and establish the criteria for evaluating the potential reactivity of 
aggregates, 33 different reactive and non-reactive aggregates of various lithologies have 
been tested (19 coarse aggregates and 14 fine aggregates) in the MCPT method.  These 
aggregates were selected based on their established history of reactivity based on 
previous laboratory studies and field performance in concrete pavements and structures. 
Many of these aggregates were recommended by FHWA ASR Technical Working Group 
members and some of them were selected based on the past experience in conducting 
forensic studies on ASR-affected concrete pavements and structures.   
For the purpose of providing guidance on aggregate reactivity characterization in 
the MCPT method, aggregate reactivity classification adopted by AASHTO PP 65 was 
chosen.  Table 5.1 shows the aggregate reactivity classification per the recently adopted 
AASHTO PP 65. 
 
Table 5.1: Classification of Aggregate Reactivity (AASHTO PP 65) 
 
Reactivity 
Class 
Description of 
Aggregate 
Reactivity 
One-Year 
Expansion in CPT 
(%) 
14-Day Expansion 
in AMBT (%) 
R0 Non-reactive  ≤ 0.04  ≤ 0.10  
R1 Moderately reactive  > 0.04, ≤ 0.12  > 0.10, ≤ 0.30  
R2 Highly reactive  > 0.12, ≤ 0.24  > 0.30, ≤ 0.45  
R3 Very highly reactive  > 0.24  > 0.45  
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However, an additional category of aggregate reactivity needs to be incorporated 
in this classification – Low/Slow Reactivity.  Typically, aggregates that fall in this 
category are those that tend to show a low/slow reactivity, which may show signs of 
distress in the concrete at ages typically more than 10 to 15 years after construction.  
Typically, aggregates that come from igneous and slightly metamorphosed rocks that 
contain strained quartz or micro-crystalline quartz such as granite, granodiorite, granitic-
gneiss and potentially some quartzites and quartz-arenites fall in this category.   
From a perspective of age to distress from time of construction, the following general 
guidelines are considered to represent the different categories of aggregate reactivity:  
 Very Highly to Highly Reactive Aggregates are considered as those aggregates when 
present in concrete with nominal alkali loading (3-5 lb./yd
3
) exhibit incipient signs of 
ASR distress in the field, typically at ages less than 5 years from the time of 
construction.   
 Moderate Reactive Aggregates are considered as those aggregates when present in 
concrete with nominal alkali loading (3-5 lb. /yd
3
) exhibit incipient signs of ASR 
distress in the field, typically at ages between 5 and 10 years from the time of 
construction.   
 Low/Slow Reactive Aggregates are considered are as those aggregates when present 
in concrete with a typical alkali loading (3-5 lb./yd
3
) exhibit incipient signs of ASR 
distress in the field, typically at ages beyond 10 years. 
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In addition to the MCPT results on all the 33 aggregates, parallel AMBT and CPT 
tests were conducted on 12 out of the 33 aggregates.  The CPT and AMBT results were 
then correlated with MCPT results.  Amongst all the test methods, CPT results are 
considered to be the most reliable test results at the present time in evaluating aggregate 
reactivity.  Therefore, MCPT results from testing the 12 aggregates were calibrated 
against their corresponding CPT results to develop the expansion-based criteria for 
characterizing aggregate reactivity in the MCPT method. 
In an effort to explore the applicability of the MCPT method to evaluate Alkali-
Carbonate Reactivity (ACR) in aggregates, MCPT tests were conducted on Kingston 
dolomite aggregate, which is a well-known ACR prone aggregate. 
 
Establishing the Specimen Age to Characterize Aggregate Reactivity 
Before conducting the large scale MCPT studies on all the coarse and fine 
aggregates selected in this investigation, specific studies were conducted on five 
aggregates to determine the most appropriate age at which expansion criteria to 
characterize aggregate reactivity should be established.  In these MCPT studies, the rate 
of expansion in the MCPT specimens was analyzed and a critical age at which the 
aggregate reactivity can be clearly established was selected.  These aggregates included 4 
reactive aggregates – Spratt limestone, Las Placitas Rhyolite, Gold Hill Argillite, Dell 
Rapids Quartzite and one non-reactive aggregate – Big Bend Limestone.  
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Figure 5.1 shows incremental expansion that occurs in MCPT test specimens 
between the reading intervals of 0, 3, 7, 10, 14, 21, 28, 42, 56, 70 and 84 days.  This 
graphs shows the net expansion that occurs in the test specimens between the reading 
intervals.  It is evident from observing the data that as the reading intervals are not of 
uniform time interval, a clear trend in the rate of expansion of test specimens is not 
readily evident. 
Figures 5.2 through 5.6 show the net expansion that occurs between successive 
14-day intervals for each of the four reactive aggregates (Spratt, Las Placitas, Dell Rapids 
and Gold Hill) and the one non-reactive aggregate (Big Bend).  From these graphs it is 
evident that with all the four reactive aggregates, the net 14-day expansions of the test 
specimens increases up to 28 days and thereafter it reaches either a steady state or 
decreases.  The net 14-day expansion for all reactive aggregates progressively decreases, 
with higher rate of expansion at early ages and reaching a steady state at 56-days and 
beyond.  In the case of non-reactive Big Bend aggregate, the net 14-day expansion is well 
below 0.010% at all intervals measured within the 84 days of testing conducted, 
indicating no significant accumulation of expansion in test specimens.   Based on these 
results it appears that the rate of expansion in MCPT specimens reaches either a steady 
state or decreases beyond 56 days, and therefore a cumulative expansion of concrete 
prisms at 56 days appears to be an appropriate age to evaluate the aggregate reactivity.  
For these reasons, it is proposed in this test that a 56-day expansion measurement be used 
to evaluate aggregate reactivity. 
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Figure 5.1: Incremental Expansion in Test Specimens between Reading Intervals. 
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Figure 5.2: Incremental Expansion in Spratt Limestone at 14-day Interval 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Incremental Expansion in Las Placitas Rhyolite at 14-day Interval 
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Figure 5.4: Incremental Expansion in Gold Hill Argillite at 14-day Interval 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Incremental Expansion in Dell Rapids Quartzite at 14-day Interval 
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Figure 5.6: Incremental Expansion in Big Bend Limestone Test Specimens at 14-day 
Interval 
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Correlation of MCPT with CPT and AMBT 
MCPT, AMBT and CPT tests were conducted for 12 aggregates out of the 33 aggregates. 
Table 5.2 shows the comparison of test results from MCPT, AMBT and CPT methods for 
these 12 aggregates, along with their field performance.   
Correlation between MCPT and CPT 
Figure 5.7 shows the correlation between the 56-day MCPT results and the 365-day CPT 
results for all the 12 aggregates including some highly reactive aggregates.  The R
2
 value 
of this correlation is very high at 0.99.  In both of these methods an expansion limit of 
0.040% was considered to distinguish reactive from non-reactive aggregates at the 
specified ages.  This limit is based on the accepted criterion for the standard ASTM C 
1293 method to distinguish non-reactive and reactive aggregates.  Also, typically it is at 
an expansion of 0.040% that concrete typically begins to show signs of distress through 
cracking.  Considering that the cementitious paste content of concrete in the MCPT and 
CPT methods is not significantly different, it can be expected that the 0.040% expansion 
limit is equally valid for MCPT specimens as it is for CPT specimens, from a cracking 
standpoint.  Figure 5.8 shows the same correlation as seen in Figure 5.7, however in a 
smaller domain of aggregate reactivity (with a maximum expansion of 0.120%).  This 
comparison excludes some high and very highly reactive aggregates.  The degree of 
correlation between the MCPT and CPT data is slightly less compared to that observed in 
Figure 5.7, with an R
2
 = 0.95. 
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Considering the equivalency of the 365-day CPT data with and 56-MCPT data 
amongst aggregates of all levels of reactivity, it is proposed that for aggregate with 56-
day MCPT expansions levels above 0.120% the correlation between the MCPT and CPT 
is best given by the following equation:  
 
For 56-Day MCPT Expansion > 0.120% 
365-Day CPT Expansion = 1.371 x 56-Day MCPT Expansion – 0.015   …Eq. 1 
 
For aggregates with 56-day MCPT expansions at or below 0.120%, the 
correlation between the MCPT and the CPT is best given by: 
 
For 56-Day MCPT Expansion < 0.120% 
365-Day CPT Expansion = 0.987 x 56-Day MCPT Expansion +  0.0036  … Eq. 2 
 
Considering the negligible Y-intercept and a slope of almost 1.0,  the MCPT and 
CPT values for all the non-reactive, low/slow-reactive and  moderately reactive 
aggregates can be considered virtually equivalent.   
Based on the results in Figures 5.7 and 5.8, it is evident that 56-day MCPT data 
and 365-day CPT data shows a high degree of correlation, and for vast majority of 
aggregates that are low/slow reactive or moderately reactive aggregate, the 56-day MCPT 
expansion can be considered equal to 365-day CPT expansion. 
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Correlation between MCPT and AMBT 
Figure 5.9 shows the correlation between the 56-day MCPT data and the 14-day 
AMBT data for the 12 aggregates.  Expansion limits of 0.040% at 56 days in MCPT 
method and 0.10% at 14 days in AMBT method were used to distinguish reactive 
aggregates from non-reactive aggregates at the specified ages.  It is evident from this data 
that a poor correlation exists between the two test methods. 
In addition to the expansion data of different aggregates in the three test methods, 
Table 5.2 shows the field performance history of each of the 12 aggregates.  The 
following correlations in particular highlight the positive correlation between MCPT and 
the field performance.  For instance, in the case of Princeton Aggregate, the CPT and 
MCPT results indicate the aggregate to be reactive, whereas the AMBT result indicates it 
to be nonreactive (false-negative).  On the other hand, the CPT and MCPT results of 
aggregates Geneva and St. Cloud indicate the aggregates to be non-reactive, whereas 
AMBT results indicate the aggregates to be reactive (false-positive).  The field 
performance of these aggregates matches well with the predictions of aggregate reactivity 
from the CPT and the MCPT methods, and not with the predictions from the AMBT 
method. 
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Table 5.2: Expansion Data Selected Aggregates in the Different Test Methods 
 
 
Aggregate 
Identity 
% Expansion 
Average % Rate of 
Expansion (8-12 
wks) 
 
Field Experience MCPT, 56 
Days (CV %) 
ASTM C 
1293, 365 
days 
ASTM C 1260, 
14 days 
Spratt 0.149 (4.08) 0.181 0.350 0.0152 Reactive 
Dell 
Rapids 
0.099 (4.97) 0.109 0.220 0.0043 Reactive 
Las 
Placitas 
0.185(3.43) 0.251 0.900 0.0231 Reactive 
Gold Hill 0.149 (1.16) 0.192 0.530 0.0092 Reactive 
Big Bend 0.017 (8.81) 0.032 0.042 0.0047 Innocuous 
Galena 0.046 (4.34) 0.050 0.235 0.0122 Reactive 
Princeton 0.070 (3.01) 0.070 0.080 0.0193 Reactive 
Geneva 0.039 (8.31) 0.030 0.190 0.0102 Low reactive 
St. Cloud 0.023 (2.47) 0.030 0.100 0.0070 Innocuous 
Jobe 
(McComb) 
0.440 (4.21) 0.590 0.640 0.0250 Reactive 
Grand 
Island 
0.091 (9.93) 0.090 0.260 0.0288 Reactive 
Scottsbluff 0.115 (9.83) 0.150 0.460 0.0320 Reactive 
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Figure 5.7: Correlation between the 56-Day MCPT data and the 365 Day CPT data. 
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Figure 5.8:  Correlation between the 56-Day MCPT data and the 365 Day CPT data 
excluding aggregates with very high expansion values (> 0.200% at 56 days). 
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Figure 5.9: Correlation between the 56-day MCPT data and the 14-day AMBT data. 
 
Evaluation of Coarse and Fine Aggregates in MCPT Method 
A total of 33 different reactive and non-reactive aggregates of various lithologies have 
been tested (19 coarse and 14 fine aggregates) in the MCPT method.  The sources of 
these aggregates and principal offending source of silica is shown in Table 5.3.  The 
results and analysis shown in this section also includes the aggregate previously 
considered in the correlation studies. 
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Table 5.3: Coarse and Fine Aggregates Tested in MCPT Method for ASR Potential 
 
Sl. no. 
Coarse Aggregate Source 
Information 
Fine Aggregate Source 
Information 
1 Adairsville, GA Cemex Sand, SC 
2 Big Bend, KY Cullom, NE 
3 Thornton Dolomite, IL Foster Dixiana  
4 Griffin, GA Galena, IL 
5 Blacksburg, SC Gateway S&G, IL 
6 Cayce, SC Georgetown, PA 
7 Liberty, SC Grand Island, NE 
8 St. Cloud, MN Indianola, NE 
9 Eureka, NJ Jobe,TX 
10 Las Plascitas, NM Scotts Bluff, NE 
11 Gold Hill, NC Stocker Sand, OH 
12 Princeton, PA Ogallala, NE 
13 Red Oak, GA Columbus, NE 
14 Geneva, UT Belvediere, NJ 
15 Dell Rapids, SD 
 16 Spratt, Canada 
 17 Swampscott, MA 
 18 Taunton, MA 
 19 Oxford, MA 
  
The expansion behaviors of concrete prisms in the MCPT method for the coarse 
aggregates are shown in Figures 5.10 and 5.11.  The data is shown in two graphs to avoid 
over-crowding all the data in one graph.  Similarly, expansion data of fine aggregates are 
shown in Figures 5.12 and 5.13.  The 56-day expansion results of all the coarse 
aggregates and fine aggregates are shown in Figures 5.5 and 5.6, respectively.  It can be 
observed from Figures 5.10 and 5.11 that with exception of Adairsville, Big Bend, St. 
Cloud, Swampscott and Thornton aggregates were below 0.040% expansion at 56 days 
and even up to 84 days.  However, other aggregates showed considerable range of 
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expansion in the test, ranging from 0.040% at 56 days (Geneva and Red Oak) to well 
above 0.040%.  Las Placitas gravel yielded the maximum expansion in MCPT for coarse 
aggregates of 0.185% at 56 days.  Among the fine aggregates, only Foster Dixiana and 
Cemex Sand gave the lowest expansion at 56 days of 0.018%.  The remainder of the fine 
aggregates considered in this study yielded significantly larger expansions at 56 days 
indicating their reactive nature.  Jobe sand yielded the highest expansion observed in the 
MCPT method thus far in this study at 0.435% at 56 days.  It is interesting to note that the 
rate of expansion as observed by the slope of the expansion curve is very distinct in the 
case of Jobe sand compared to rest of the fine aggregates.  Clearly, the concrete prisms 
containing Jobe sand show significant expansion even within the first few days, while the 
prisms containing other aggregates show significant expansion only after about 28 days 
in the test.  In the case of reactive coarse aggregates, majority of the aggregates show an 
increased rate of expansion somewhere between 14 and 21 days after the start of the 
MCPT test.  The time to the initiation of rapid rise in the concrete prism expansion is 
likely an indication of the transition from a dormant stage where siloxane bridges in the 
aggregate are being broken to an active stage where significant gel formation and 
swelling phenomenon occur.   
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Figure 5.10:  MCPT expansion curves for coarse aggregates (Batch 1) 
 
 
Figure 5.11:  MCPT expansion curves for coarse aggregates (Batch 2)   
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Figure 5.12:  MCPT expansion curves for fine aggregates (Batch 1) 
 
 
Figure 5.13: MCPT expansion curves for fine aggregates (Batch 2)  
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Figure 5.14:  MCPT 56-expansions for coarse aggregates 
 
 
Figure 5.15: MCPT 56-expansions for fine aggregates 
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Evaluation of Low/Slow Reactive Aggregates 
 
In order to better understand the trends in the expansion behavior of different 
aggregates and distinguish the low/slow reacting aggregates from non-reactive 
aggregates, an analysis of the MCPT expansion data from five aggregates was conducted.  
Figure 5.16 shows the MCPT expansion data of the five aggregates. 
 
 
 
Figure 5.16: Expansion curves for the selected aggregates in the MCPT method. 
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day MCPT expansion of 0.0995%.  Two of the selected aggregates were innocuous 
aggregates (Big Bend limestone with a 56-day MCPT expansion of 0.018% expansion 
and St. Cloud granite with a 56-day MCPT expansion of 0.023%).  One aggregate was 
considered as a marginally reactive aggregate (Geneva, 0.039% expansion at 56 days) 
based on its field performance. 
Generally, the highly reactive aggregates have a rapid rate of reaction and show 
considerable increase in expansion with the first 28 days.  For these aggregates the 
expansion data at 56 days is well above 0.040% and is adequate to characterize their 
reactivity with no further need to consider their rate of expansion beyond 56 days.  For 
the innocuous aggregates, the expansion at 56-days is generally well below 0.030% and 
there is no further need to assess their rate of expansion beyond 56-days.   
For the marginally reactive aggregates (low/late reactivity), however, in addition to the 
expansion data at 56 days the rate of expansion beyond 56 days is important to 
understand their reactivity nature. For example, though the expansion of Geneva gravel 
was 0.039% at 56 days, which is slightly less than the 0.040% expansion limit, the 
average rate of expansion per two week period between 8 and 12 weeks is 0.0102%.  This 
shows a steady and a gradual increase in expansion with no indication of slowing down.  
Typically, the rates of expansion with these aggregates exceed 0.010% per two weeks as 
seen with other marginal aggregates such as Cayce, Griffin and Red Oak aggregates.  The 
field performance records also indicated that these aggregates tend to show a low/slow 
reaction with their negative effects usually not apparent until well after 10-years of 
service life.  To draw a comparison between the innocuous and low/slow reactive 
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aggregates, the average two-week expansion of concrete prisms in the MCPT method per 
between 8 and12 weeks for the innocuous Big Bend and St. Cloud aggregates are 
0.0047% and 0.007%, which are well below 0.010%).  From these considerations, it is 
proposed that when the 56-day expansion of concrete prisms in the MCPT falls between 
0.030% and 0.040%, it is important to evaluate the two-week rate of expansion from 56-
days to 84-days, i.e. 8 weeks to 12 weeks.  If the two-week rate of expansion is 0.010% 
or greater, the aggregate should be considered as a low/slow reactive aggregate.  
However, if the two-week rate of expansion is below 0.010%, the aggregate can be 
considered as a non-reactive aggregate. 
 
Proposed Criteria for Aggregate Reactivity 
 
Based on the positive correlations between the 365-day expansion in CPT and the 
56-day expansion in MCPT for a wide range of aggregates, and considering the similarity 
in the mixture proportions of concrete between CPT and MCPT, it is proposed that an 
expansion limit of 0.040% at 56 days be used to characterize the reactivity of aggregates, 
particularly those aggregates that show expansion well above or well below the 0.040% 
threshold limit. 
Considering the potential variability in the test results for a given aggregate, using 
a hard limit of 0.040% at 56 days in the MCPT method to characterize aggregate 
reactivity is not ideal for identifying marginal aggregates, including aggregates that show 
either low and/or late reactivity.  These aggregates typically show a 56-day expansion 
value in the MCPT at or about 0.040%.  Examples of such aggregates include Geneva, 
Galena, and St. Cloud aggregate.  Based on the results from the initial analysis of 12 
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aggregates in the MCPT method and their corresponding field performance aggregates 
that show a 56-day expansion value between 0.031% and 0.040% are proposed to be 
considered as questionable aggregates.  Under ideal conditions, these aggregates tend to 
show either low or late reactivity in the field with delayed manifestation of any ASR 
induced distress.  However, the field performance is also based on the alkali content of 
the cement used, w/c ratio used and the mixture proportions.  Therefore, it is also likely 
that some of these aggregates never manifest any deleterious expansions of cracking, 
even though they may show incipient signs of reactive aggregate such as formation of 
reaction rims at the cement paste-aggregate boundary. 
Based on the analysis of expansion curves presented in the previous section, and 
based upon the evaluations of 33 different aggregates in the MPCT method, the 
expansion of the test specimens at 56-days along with consideration of the average rate of 
expansion from 56 to 84 days (i.e. 8weeks to 12 weeks) in the MCPT method appears 
adequate for identifying and characterizing these marginally reactive aggregates.  It is 
proposed that for aggregates whose 56-day MCPT expansion falls between 0.031% and 
0.040%, their rate of expansion from 56-days to 84 days be considered in further 
evaluating the nature of their reactivity. 
Based on the above discussions, the criteria for establishing the aggregate reactivity are 
shown in Table 5.4.  
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Table 5.4: Proposed criteria for characterizing the aggregate reactivity in the MCPT 
protocol 
 
Degree of Reactivity % Expansion at 56 
Days (8 Weeks) 
Average Two-Week Rate of 
Expansion from 8 to 12 weeks 
 
Non-reactive ≤ 0.030 % N/A* 
Non-reactive 0.031% - 0.040% ≤ 0.010% per two weeks 
Low/Slow Reactive 0.031% – 0.040% > 0.010% per two weeks 
Moderate Reactive 0.041% – 0.120% N/A* 
High Reactive 0.121% - 0.240% N/A* 
Very Highly Reactive > 0.240% N/A* 
  * N/A – Not Applicable 
 
Example Calculation for Averaged Rate of Expansion from 8 weeks to 12 weeks: 
If the average expansion of the three prisms at 8, 10 and 12 weeks are 0.035%, 0.046% 
and 0.059%, respectively; then the average rate of expansion between 8 - 12 weeks is 
equal to (0.059 – 0.037) / 2 = 0.012% per two weeks. 
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Evaluation of ACR with Kingston Aggregate 
 
To investigate the applicability of MCPT to evaluate alkali-carbonate reaction (ACR), 
Kingston aggregate from Ontario (a well-known ACR prone aggregate) was tested in 
MCPT method. The expansion behavior of Kingston aggregate in the MCPT test is 
shown in Figure 5.17. The rate of expansion becomes linear after 42 days. The expansion 
value of Kingston in CPT at 1 year was 0.307% with a CV of 16% as reported by 
Ministry of Transport, Ontario.  In the MCPT method, the 56-day expansion was 
observed to be 0.244% with a CV of 9.4%.  The equivalent CPT expansion based on 
MCPT expansion, calculated from Equation 1 is 0.319%.  In both CPT and MCPT the 
expansions were beyond the limit of 0.04% indicating the aggregate is highly reactive. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17: Performance of Kingston Dolomite in MCPT Method 
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Conclusions 
 
In this research study, investigations on the factors affecting the alkali-silica 
reactivity of aggregates led to the development of a rapid and a reliable– Miniature 
Concrete Prism Test (MCPT) method.  The test results based on evaluating 12 different 
aggregates shown the viability of the MCPT as an alternative to the standard ASTM C 
1293 and ASTM C 1260 test methods.  An expansion limit of 0.040% in the MCPT 
method at 56 days appears to characterize the aggregate reactivity of majority of the 
aggregates, particularly those aggregates that show expansion well above (highly 
reactive) or well below (non-reactive)  the 0.040% limit.  For aggregates that show 
borderline expansion (i.e. between 0.031% – 0.040% at 56 days), the rate of expansion of 
the test specimens between 8 and 12 weeks appears to provide additional guidance on the 
nature of aggregate reactivity.  The average rate of expansion in prisms greater than 
0.010% per two weeks between the ages of 8 and 12 weeks appears to identify marginal 
aggregates with low and/or late reactivity.  The average rate of expansion in prisms less 
than 0.010% between the ages of 8 and 12 weeks appears to identify non-reactive 
aggregates.  An excellent correlation between the MCPT results and the field 
performance of the aggregates, based on testing 33 different aggregates further reinforces 
the validity of the MCPT method as a rapid and a reliable predictor of aggregate 
reactivity, and as a suitable alternative to the standard ASTM C 1293 and ASTM C 1260 
test methods.  Based on limited testing conducted on the Kingston dolomite aggregates, it 
appears that MCPT method can likely be used to characterize aggregates for alkali-
carbonate reactivity.  
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CHAPTER SIX 
 
EVLUATING EFFECTIVENESS OF ASR MITIGATION MEASURES USING MCPT 
METHOD 
 
 
Introduction 
 
As presented before, the 56-day expansion data from MCPT test method showed 
excellent correlation (R
2 
= 0.99) with 1-year expansion data of the CPT. Therefore, 
additional research was conducted to investigate if the evaluation of ASR mitigation 
measures could be conducted in much shorter durations than 2 years that is typically 
required with the CPT method.  
This chapter presents the research conducted to evaluate the applicability of the 
MCPT method to assess the effectiveness of different ASR mitigation measures.  In this 
study, SCMs including Class F and Class C fly ashes, slag, silica fume and meta-kaolin 
were evaluated in binary mixtures.   
Among the mechanisms that help supplementary cementing materials (SCMs) 
mitigate ASR in concrete is its pozzolanic reaction. As portlandite, a cement hydration 
product, is required to initiate the pozzolanic reaction, the benefits of using an SCM in 
mitigating ASR are typically not to be expected at early ages.  However, pozzolanic 
reaction, similar to cement hydration reaction, is strongly influenced by the temperature 
of the reaction.  At higher temperatures, these reactions are faster and the benefits of 
using SCMs to mitigate can manifest sooner.  Although all SCMs show a faster rate of 
pozzolanic reaction at higher temperatures, the rate of pozzolanic reaction for each type 
of SCM as a function of temperature is different.  The rate of pozzolanic reaction depends 
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on factors such as chemical composition, particle size and specific surface area of 
pozzolans.  
In order to ascertain whether the MCPT procedure can be applied to evaluate the 
effectiveness of ASR mitigation measures in its existing format, a series of studies were 
conducted using fly ashes of different chemical compositions.  In this investigation, 
concrete prisms containing SCMs were cured for different periods of time before 
subjecting to 1N NaOH solution, rather than 1-day curing used in the MCPT procedure.  
This was done to evaluate the influence of initial curing duration of MCPT specimens 
containing SCMs on the expansion readings at later ages.  The intention of prolonging the 
initial curing period of MCPT specimens was to see if a more complete pozzolanic 
reaction of SCMs in the test specimens has an impact on the expansion of MCPT 
specimens due to ASR.  To study this behavior the initial curing period of MCPT 
specimens containing different fly ashes were varied by immersing the demolded 
specimens in water at 140˚F (60˚C) for 1 day, 7 days, 14 days or 28 days before they 
were exposed to 1N NaOH solution at 140˚F (60˚C).  Even though there is a likelihood of 
alkali leaching from the MCPT specimens during the initial curing period (due to 
immersion in water bath), the impact of alkali leaching on overall expansion due to ASR 
at later ages was considered minimal, as the MCPT specimens were soaked in 1N NaOH 
solution for the remainder of the test duration (i.e. for 84 days). 
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Materials 
 
Aggregates 
Two well-known reactive aggregates were selected in this study.  These included: 
1. Siliceous Limestone from Spratt Quarry in Ontario, Canada  
2. Argillite from Gold Hill Quarry in Gold Hill, North Carolina  
Siliceous sand from Dixiana Plant in Pineridge, South Carolina was used as the reference 
non-reactive fine aggregate. 
 
Cement 
A high-alkali (0.82% Na2Oeq) Type I cement from Lehigh Cement Company, Evansville 
Plant in Pennsylvania was used in this study. 
 
Reagents  
Reagent grade sodium hydroxide pellets were used to boost alkali level of concrete to 
1.25% Na2Oe by weight of cement, by adding to the mix water. 
 
Slag 
A slag meeting the Grade 120 specification of ASTM C 989 was used in this study at 
40% cement replacement level by mass of cement. The chemical composition of slag is 
provided in Table 6.1. 
 
Meta-Kaolin  
In this study a commercially produced meta-kaolin was used at a cement replacement 
level of 10% by mass. The chemical composition of meta-kaolin is provided in Table 6.1.  
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Table 6.1: Chemical Composition of Cement, Slag and Meta-Kaolin 
 
Oxides (%) Cement Slag Meta-kaolin 
SiO2 19.74 38.17 51.0 – 52.4 
Al2O3 4.98 7.31 42.1 – 44.3 
Fe2O3 3.13 0.78 0.30 – 0.50 
CaO 61.84 39.12 0.019% 
MgO 2.54 12.48 0.119% 
SO3 4.15 2.56 --- 
Mn2O3 --- 0.40  
Na2Oequivalent 0.82% --- 0.21% 
K2O --- 0.34  
Insoluble Residue 0.25 ---  
Specific Gravity 3.15 2.92 2.2 
Loss on Ignition (LOI) 1.9 --- 0.6-0.9 
 
Silica Fume 
A commercially available densified silica fume was used at 10% cement replacement 
level by mass.  The specific gravity of the silica fume was 2.2 and the average particle 
size of the agglomerated silica fume grains was 7.37 microns.  It is assumed that the silica 
fume will be dispersed into much finer particles when mixed with other ingredients of 
concrete such as coarse and fine aggregates. 
 
Fly Ashes 
In this research study, nine different fly ashes of varying chemical compositions were 
used, all at 25% replacement level of cement by mass. Of the nine fly ashes, three were 
low-lime ashes (LL1, LL2 and LL3, each with CaO content less than 8%), three were 
intermediate lime fly ashes (IL1, IL2 and IL3, each with CaO content between 8% and 
20%), and three were high-lime fly ashes (HL1, HL2 and HL3, each with CaO content 
more than 20%). For the study involving extended curing duration, only three fly ashes, 
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LL1, IL1 and HL1, were studied.  The chemical compositions of these fly ashes are given 
in Table 6.2. 
 
Table 6.2: Chemical Composition of Fly Ashes Used in the Study 
 
Fly 
Ashes 
(SiO2) 
(%) 
(Al2O3) 
(%) 
(Fe2O3) 
(%) 
(CaO) 
 (%) 
(MgO) 
(%) 
(SO3) 
(%) 
Total 
Alkalies (as 
Na2Oe) (%) 
Specific 
gravity 
 
LL 1 60.30 28.60 3.20 1 0.00 0.00 NA 2.20 
LL 2 61.63 24.86 4.56 1.4 0.23 0.21 NA 2.09 
LL 3 57.49 29.29 2.95 6.06 1.36 0.41 NA 1.97 
IL 1 49.69 15.03 6.60 15.63 4.92 0.90 3.93 2.55 
IL 2 52.40 23.20 5.73 10.33 2.08 0.64 1.90 2.26 
IL 3 41.91 21.08 5.61 18.94 4.21 0.98 2.59 2.57 
HL 1 34.90 19.50 5.70 26.60 5.00 2.00 NA 2.61 
HL 2 34.55 18.10 5.68 27.50 5.04 2.80 1.83 2.63 
HL 3 31.31 18.64 5.49 29.85 5.54 2.55 2.09 2.77 
 
 
TEST METHODS 
 
 For evaluating the effectiveness of SCMs in mitigating ASR, the standard MCPT 
method described earlier in Chapter 5 used in evaluation of aggregate reactivity was 
slightly modified.  The modified version of MCPT to evaluate will be referred to as the 
mitigation MCPT test. In this version of the test, a portion of the portland cement was 
replaced with SCM of choice on an equivalent mass replacement basis. The volume 
changes in the mixture proportions associated with the differences in the specific 
gravities of the SCMs and portland cement were accommodated by suitably adjusting the 
fine aggregate content in the mixture.   
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 With exception of replacing portland cement with SCM and adjusting the 
proportions of other ingredients accordingly, the mitigation MCPT method is identical to 
the standard MCPT test.  In this test, the schedule of length change measurements 
remains the same as in the standard MCPT method.  
 
ASTM C 1567 method 
This involves the immersion of mortar bars 1 in. x 1 in. x 11.25 in. (25 mm x 25 mm x 
285 mm) in 1N NaOH solution at 176
°
 F (80
°
 C) for 14 days, and produces results at 16 
days from the time of casting.  The SCM is considered effective, if expansion of mortar 
bars is less than 0.10% after 14 days of immersion in 1 NaOH solution.  
 
ASTM C1293 Method  
 When even the SCMs are evaluated in the standard ASTM C1293 test (CPT), the 
total cementitious content of 708 lb./yd
3
 (420 kg/m
3
) remains the same.  However, the 
boost in the alkali content of the concrete is strictly based on the Portland cement content 
alone and not that of the total cementitious content.  Otherwise, the CPT method is 
identical for evaluating aggregates and the SCMs.  The SCMs evaluated in the CPT are 
considered acceptable if the average expansion of concrete prisms is less than 0.040% at 
2 years. 
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Effect of Initial Extended Curing with SCMs. 
 
To study the effect of extended initial curing on the measurement of mitigation 
effectiveness of SCMs, the MCPT test specimens were cured for varying lengths of time: 
1 day, 7 days, 14 days and 28 days in a water bath at 60°C, before they were exposed to 
1N NaOH solution.  Simultaneously, 50 mm x 50 mm x 50 mm (2 in. x 2 in. x 2 in.) 
mortar cube specimens were cast and cured following the same regime as the MCPT 
specimens to evaluate if the compressive strength data would show any trend 
corresponding to the MCPT expansion trend. 
In this study, three fly ashes of significantly different chemical composition were 
used at a 25% dosage level by mass replacement of cement.  These included a low-lime 
Class F fly ash (LL1, CaO = 1%), an intermediate-lime fly ash (IL1, CaO = 15.6%) and a 
high-lime Class C fly ash (HL1, CaO = 26.6%).  
 
MCPT Expansion Data 
The results are shown in Figures 6.1, 6.2 and 6.3 for HL, LL and IL, respectively.  From 
these results it appears that there is no added benefit in extending the duration of water 
curing at the beginning of the test on the mitigation offered by the fly ashes.  Also, lime 
content of the fly ash did not appear to have a significant impact on this finding.  The 56-
day ASR induced expansions in test specimens that were cured in water bath for 1 day, 7 
days, 14 days and 28 days are not significantly different considering the control 
expansion without any fly ash.  
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In order to understand how these specimens behave at early ages, the data is re-
plotted to show the expansion behavior up to 28 days.  Figures 6.4, 6.5 and 6.6 show the 
expansions in these specimens at early ages up to 28 days.  From these figures it is 
evident that 1-day and 7-day water cured samples show slightly larger expansion than 14-
day and 28-day water cured samples up to 7 days.  Similar trend is observed for all three 
fly ashes evaluated.  However, beyond 7 days the rate of expansion in all the specimens is 
identical.  These results show that although extended curing duration shows some benefit 
in mitigating expansion at early ages (i.e. up to 7 days) for any particular fly ash, the later 
age expansion, regardless of the length of the initial curing duration, is very similar.  
Based on these results, it can be concluded that extending the duration of initial curing of 
test specimens, beyond one day, does not appear to significantly affect the ability of 
MCPT to evaluate SCMs. 
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Figure 6.1: Expansion Curves for different initial water curing durations for a High Lime 
Class C fly ash at 25% replacement.   
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Figure 6.2:  Expansion Curves for different initial water curing durations for a Low Lime 
Class F Fly ash at 25% replacement. 
 
 
 
Figure 6.3: Expansion Curves for different initial water curing durations for Intermediate 
Lime Class Fly ashes at 25% replacement.   
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Figure 6.4:  Expansion Curves for different initial water curing for Class C Fly ash (up to 
28 Days) 
 
 
 
Figure 6.5:  Expansion Curves for different initial water curing for Class F Fly ash (up to 
28 Days) 
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Figure 6.6: Expansion Curves for different initial water curing for intermediate Class Fly 
ash (up to 28 Days). 
 
 
Strength Activity Index 
Figure 6.7 shows the compressive strength of mortar cubes containing fly ashes, cured in 
60C-water for 1-day, 7-days, 14-days, and 28-days.  Based on the results, it is apparent 
that even at 1-day curing at 60°C, the compressive strength of mortars is as high as 2500 
psi for LL fly ash and above 3000 psi for IL and HL fly ashes.  These values correspond 
to 50%, 62% and 67%, respectively, for LL, IL and HL fly ashes.  The 7-day 
compressive strength of all the fly ash mixtures was above 95% of the 28-day strength, 
regardless of the fly ash composition.  Mortar with Class F fly ash is somewhat slower to 
gain compressive strength within the first 7 days, compared to other fly ashes, as 
expected.  It should be noted even though the MCPT specimens are introduced into the 
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0 7 14 21 28
P
er
ce
n
ta
g
e 
E
x
p
an
si
o
n
 
Age, Days 
Interm_1_D_W_Cure
Interm_7_D_W_Cure
Interm_14_D_W_Cure
Interm_28_D_W_Cure
103 
1N NaOH solution at early ages, they continue to hydrate and gain strength for additional 
time, even as the ASR reaction is initiated.  
Although the 1-day compressive strength suggests that the early age compressive strength 
for different fly ash concrete mixtures is approximately 50% to 67% depending on the 
type of fly ash, the evidence from the MCPT tests suggests that later age expansion 
behavior is not significantly influenced by the duration of early age curing, within the 
realm of the MCPT exposure conditions. 
 
 
 
Figure 6.7: Compressive strength of mortars containing Spratt Limestone aggregate with 
different fly ashes at 25% cement replacement level (The Mortars were cured in water at 
60C) 
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Evaluation of Fly Ash Mitigation 
 
In this study, nine fly ashes of different chemical composition (3 low-lime, 3 
intermediate-lime, 3 high-lime) were evaluated at a dosage level of 25% by mass 
replacement of cement.  These results are shown in Figure 6.8.  It appears from these 
results that low-lime and intermediate-lime fly ashes were effective in controlling ASR 
expansion; however high-lime fly ashes were not effective in controlling ASR expansion.  
Figure 6.9 shows the correlation between the lime content of fly ash and percent 
expansion at 56 days for the nine fly ashes. It is important to note that the low-lime and 
the intermediate-lime ashes (with CaO content < 15%) mitigated ASR much better than 
some intermediate-lime and high-lime fly ashes as shown in Figure 6.9.  Beyond the 15% 
lime content, there is a steep rise in 56-day percent expansion.  Considering the entire 
range of low and intermediate lime fly ashes used in this study (i.e. CaO% from 1% to 
19%), there is good correlation (R
2
 = 0.968) between lime content of fly ash and the 56-
day expansion in the MCPT procedure as seen in Figure 6.10 (a). The correlation 
between lime content and 56-day expansion in MCPT procedure is less than satisfactory 
when the lime content in fly ashes exceed 20% as seen in Figure 6.10.b (R
2
 = 0.8155). 
In order to evaluate the impact of dosage level of fly ash on expansion of concrete 
prisms in the MCPT method, a limited study was conducted using a low-lime and a high-
lime fly ash.  In this study, one low lime (LL1) and one high lime (HL 2) fly ash were 
used at 15%, 25%, and 35% replacement levels with Spratt limestone as the reactive 
coarse aggregate.  The expansion of MCPT specimens with low-lime fly ash  and high 
lime fly ash at 15%, 25%, 35%  replacement levels are shown in Figures 6.11 and Figures 
105 
6.12, respectively.  Figure 6.13 shows the relationship between the 56-day MCPT 
concrete prism expansions and the fly ash replacement level for low-lime and high-lime 
fly ashes.  These results indicate that the effect of increased dosage of fly ash on ASR 
mitigation in MCPT method is apparently linear for both low and high lime fly ashes and 
the replacement dosage effect is more significant (steeper slope) for high lime fly ash 
than the low lime fly ash.  It is interesting to observe that even at a dosage level of 35%; 
the high-lime fly ash was ineffective in mitigating the expansions in the Spratt limestone 
concrete prisms.  However, the low-lime fly ash was effective even at a cement 
replacement level of 25% by mass. 
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Figure 6.8: MCPT Results for 3 HL, 3 LL, and 3 IL Fly ashes (at 25% dosage with Spratt 
limestone). 
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Figure 6.9: Lime Content vs. % Expansion at 56 Days at 25% replacement levels for nine 
fly ashes  
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(a) Six fly ashes (3 Low and 3 Intermediate Limes) 
 
(b)  Three high lime fly ashes. 
 
 
Figure.6.10: Lime Content vs. % Expansion at 56 Days at 25% replacement levels of Fly 
Ash.  
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Figure 6.11: MCPT Results of Spratt Prisms with 15%, 25%, 35% cement replacement 
by Low Lime Fly Ash  
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Figure 6.12: MCPT Results of Spratt Prisms with 15%, 25%, 35% cement replacement 
by High Lime Fly Ash 
  
 
Figure 6.13: Relationship between the 56-day MCPT concrete prism expansions and the 
fly ash replacement levels for low-lime and high-lime fly ashes 
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Evaluation of Other SCMs Mitigation 
 
In this study, one slag, one meta-kaolin and one silica fume were evaluated at a 
dosage level of 40%, 10% and 10%, respectively, by mass replacement of cement.  These 
results are shown in Figure 6.14. 
Compared to the expansion of control MCPT specimens at 56-days of 0.149%, 
the 56-day expansion of MCPT specimens containing slag was found to be 0.0143%.  For 
MCPT specimens containing silica fume and meta-kaolin, the 56-day expansions were 
found to be 0.0160%, and 0.0163%, respectively.  In all three cases, the 56-day 
expansions were well below 0.020% at 56-days. 
 
 
 
Figure 6.14:  MCPT Results for Slag, Silica Fume and Meta-kaolin with Spratt as 
Control. 
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Comparison of MCPT with ASTM C1293 and ASTM C1567 
 
ASTM C1567 tests were conducted using all the nine fly ashes selected in this study at 
25% replacement level with Spratt limestone as the reactive aggregate.  Figure 6.15 
shows the correlation between the 56-day MCPT results with the 14-day ASTM C 1567 
results for the nine fly ash mixtures.  The correlation between these results appears to be 
very good with an R
2
 value of 0.96. 
 
 
 
 
Figure 6.15: Comparison of 14 Days ASTM C 1567 vs. MCPT 56 Days Expansion for 
Nine Fly Ashes 
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ASTM C1567 and ASTM C1293.  MCPT 56-day results were compared with ASTM 
C1293 mitigation (2 year) data and ASTM C1567 (14 day) data, as shown in Figure 6.16.  
One high lime fly ash (HL2) at 25% dosage was also studied in the ASTM C1567 and 
ASTM C1293 methods.  Considering that the expansion limits to identify effective 
mitigation is different in different tests, the data in Figure 6.16 is presented using 
normalized expansion values.  To arrive at these normalized expansion values, the 
expansion limits in each of the test methods was considered as 100%.  Therefore, 100% 
corresponds with 0.040% at 2 years in CPT, 0.10% at 14 days in ASTM C 1567 test.  In 
this investigation, an expansion limit of 0.020% at 56-days was considered in MCPT for 
evaluating mitigation measures.  Chapter 7 presents the reasoning behind arriving at the 
0.020% as the expansion limit for assessing mitigation measures in the MCPT method.   
Comparison of CPT (2 year data as % of limit 0.04%) and MCPT (56-day data as 
% of limit 0.02%) expansion data is given in Figure 6.17. Also, comparison of ASTM C 
1567 (14-day data as % of limit 0.10%) and MCPT (56-day data as % of limit 0.02%) 
expansion data is given in Figure 6.18.  
From these results it is evident that MCPT and CPT agree with each other in 
assessing all the four mitigation measures.  With exception of silica fume, the 56-day 
expansion in MCPT correlates well with 14-day expansion in ASTM C 1567 test.   
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Figure 6.16: Comparison for 56-day MCPT Results of Concrete Mixtures Containing 
Slag 40%, SF 10%, Meta-kaolin 10% and HL2, 25% with 2-Year CPT Data.   
 
Note: The expansions are normalized as follows: CPT 100% Expansion = 0.04%; MCPT 
56-day 100% Expansion = 0.02% and ASTM C1567-14 day 100% Expansion =0.10%. 
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Figure 6.17:  Comparison for Slag 40%, SF 10%, Meta-kaolin 10% and HL2, 25% 
dosage results among CPT 2 year (0.04% limit) and MCPT 56-day (0.02% limit) data as 
a % of corresponding test limit 
 
 
 
Figure 6.18:  Comparison for Slag 40%, SF 10%, Meta-kaolin 10% and HL2, 25% 
dosage results among ASTM C1567-14 day (0.1% limit) and MCPT 56-day (0.02% 
limit) data as a % of corresponding test limit  
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Setting a Limiting Criteria for Mitigation in MCPT 
 
Earlier it was found that for characterizing the aggregate reactivity, correlation of 
MCPT 56-day data with CPT 1-year data was excellent, (R
2
 value – 0.99). Evaluation of 
mitigation measures in CPT method takes two years.  Naturally, this spurs the idea of 
comparing the CPT 2-year data with 112 day MCPT data (twice the 56 day age used for 
assessing aggregate reactivity).  However, the primary purpose of devising MCPT 
method was to be a rapid and a reliable test procedure.  Therefore, limiting MCPT 
expansion data measurement to 56 days is important from a practical standpoint. 
Therefore, all the mitigation data in MCPT needs to be explored and examined for the 
expansions at 56-days and 112-days to understand the nature of the effectiveness of 
mitigation based on the expansions of the MCPT specimens. In Table 6.3, MCPT results 
for 14 different mitigation measures are given along with the prediction equations of the 
expansion curves (up to 84 days). The R
2
 values of these, on an average are 0.99, 
confirming that these are near perfect linear fits.  Spratt limestone was used in all these 
tests. Considering that the expansion up to 84 days was linear, it is assumed that such a 
trend would likely continue up to 112 days (twice the age of 56-days)  Based on this 
assumption, a review of Table 6.4 shows that those mixtures with mitigation measures 
whose 56-day expansions were greater 0.020%, have 112-day expansions greater than 
0.040% (except IL 1 and IL 3), and those with 56-day expansions less than 0.020%, have 
112-day expansions less than 0.040%.   
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Now, to further investigate IL 1 and IL 3, 112–day expansions are considered. The 112–
day expansions of IL 1 and IL 3 are 0.0353 and 0.0396 respectively, which according to 
previous analogy to CPT (2 year limit of 0.040%), can be considered as border-line 
materials.  Therefore, it is not entirely certain if these fly ashes would effectively mitigate 
ASR or not.  Based on these discussions, the 56-day expansion results in MCPT method 
can be divided into three groups:  
1. 56-day expansion are greater than 0.025%,  
2. 56-day expansion between 0.020% and 0.025% (uncertain effectiveness), and  
3. 56-day expansion < 0.020% 
Among the SCMs studied, only two intermediate limes (IL 1 and IL 3) fall into the mid 
zone of uncertainty (56-day expansion between 0.020% and 0.025%).  
Table 6.4 shows the proposed criteria for characterizing the mitigation efficiency 
in the MCPT.  Note that, using this classification scheme, the MCPT mitigation test need 
only be run for 56 days (< 2 months) and the 56-day expansion values would characterize 
the effectiveness of mitigation measures with a higher degree of confidence, similar to 2-
yr CPT data .  It is acknowledged that in some instances, even 2-yr CPT can fail to 
accurately predict the effectiveness of mitigation measures, however, considering that at 
the present CPT method is the only reliable method, MCPT method is being calibrated 
against the CPT method. 
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Table 6.3:  MCPT results for different mitigation measures’ results with the prediction 
equations 
Mix 
# 
Specimen 
56-day % 
Expansion  
(measured) (CV 
%) 
Prediction Eq.  (R
2
 values) 
112 -day % Expansion 
(predicted) 
 Ineffective mitigation 
1 HL1 25% 0.045 (3.3%) y=0.0007x+.0025, (0.993) 0.0809 
2 HL2 25% 0.0673(7.4%) 
y = 0.0011x + 0.0017, 
(0.9835) 
0.1249 
3 HL 3 25% 0.06 (0.003%) 
y = 0.0006x + 0.0258, 
(0.9898) 
0.093 
4 HL2 15% 0.1 (7.2%) y=.0007x+.0579, (0.983) 0.1363 
5 HL2 35% 0.041(10%) 
y=0.0007x+.0019, 
(0.9887) 
0.0803 
 Effective or uncertain effectiveness 
6 IL1 25% 0.021 (9%) 
y=0.0003x +.0014, 
(0.9797) 
0.035 
7 IL2 25% 0.018 (7%) y=.0003x+.0017, (.09447) 0.0353 
8 IL3 25% 0.024 (8.5%) 
y=0.0003*112+0.006, 
(0.9885) 
0.0396 
9 LL1 25% 0.011 (0.9%) y=.0002x+.0002, (0.963) 0.0226 
10 LL2 25% 0.012 (5%) y=.0002x+.0009, (0.979) 0.0233 
11 LL3 25% 0.0125 (9%) 
y=.0002x - .00005, 
(0.9844) 
0.02235 
12 Slag 40% 0.014 (4%) 
y = 0.0003x - 1E-04 
(0.9977) 
0.0332  
13 SF 10% 0.016 (3.7%) y = 0.0002x, (0.9931) 0.0224  
14 
Meta-
kaolin 
10% 
0.016 (10%) 
y = 0.0003x - 0.0011, 
(0.9932) 
0.0325 
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Table 6.4: Proposed criteria for characterizing effectiveness of ASR Mitigation measures 
in MCPT method 
 
Efficiency of Mitigation % Expansion at 56 Days (8 Weeks) 
Effective < 0.020% 
Uncertain
* 
0.020% – 0.025% 
Not effective > 0.025%  
* - Recommend retest with MCPT using a higher dosage of mitigation 
 
 
MCPT results for LiNO3 
 
The results of 50%, 100% and 150% dosage level of LiNO3 with NM Rhyolite in the 
MCPT are shown in Fig. 6.19 along with the control NM (without mitigation dosage). It 
appears that both 100% and 150% dosages were better choice than 50% dosage to 
mitigate the ASR expansion and there was no added benefit in increasing of LiNO3 from 
100% to 150%.  
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Figure 6.19: MCPT Results for different doses LiNO3 with NM as Control 
 
 
Conclusions 
 
The 56-day expansion data from MCPT test method for assessing aggregate 
reactivity showed excellent correlation (R
2
= 0.99) with 1-year expansion data of the 
Concrete Prism Test (CPT). The correlation of 112-day predicted MCPT expansion data 
also showed excellent correlation with the two year mitigation data of CPT (R
2
= 0.99), 
however, this time frame (112 days) is not suitable from a practical standpoint in 
implementing as a routine test procedure in construction industry.  Therefore, the 56-day 
time period for expansion in the MCPT mitigation method was decided to meet the 
industry demands instead of waiting for 2-year (730-day) CPT test for mitigation, using a 
lower expansion limit of 0.020%.  Results from these studies showed that the coefficient 
of variation within each MCPT test was always less than 10%. Test results of 
effectiveness of ASR mitigation measures using SCMs (including nine different fly 
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ashes, one slag, one meta-kaolin and one silica fume) at different dosage levels in the 
MCPT method showed that MCPT  can be a suitable alternative to the standard ASTM C 
1293 (the 2 year test for mitigation) and ASTM C 1567 test methods.  All the mitigation 
measures used in this research are well established regarding their mitigation 
effectiveness (effective or not) with standard test methods. Some other important facts 
were also verified through this research such as, low-lime and intermediate-lime class fly 
ashes mitigation effectiveness can be correlated to lime content of the fly ash effectively. 
The linear relationship between lime content and 56-day expansion in MCPT is better (R
2
 
= 0.97) for low-lime and intermediate-lime fly ashes (when the CaO% is from 1% to 
19%) than high-lime fly ashes (R
2
 = 0.82) in the MCPT method.  
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CHAPTER SEVEN 
 
EVALUATING THE JOB MIX PARAMETERS 
 
 
Introduction 
 
The investigation in this section focused on studying the influence of typical job 
mixture characteristics such as w/c ratio, cement content and concrete alkali content 
(expressed as pore solution alkalinity) as a single variable, on the potential expansion of 
concrete due to ASR. Single variable analysis or Univariate analysis is commonly used in 
the first stages of research, before being supplemented by more advance, inferential 
bivariate or multivariate analysis.  Univariate analysis is the simplest form of quantitative 
(statistical) analysis. The analysis is carried out with the description of a single variable 
(e.g. w/c ratio) and its attributes (ASR related expansions at different ages) of the 
applicable unit of analysis (% Expansion). 
This knowledge is essential in developing a protocol to evaluate job mixtures with 
significant deviations in the composition of concrete compared to the standard mixture 
proportions used in preparation of the MCPT specimens.  In these investigations reactive 
Spratt siliceous limestone was used as coarse aggregate in combination with a non-
reactive fine aggregate. 
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Influence of W/C ratio on Expansion 
 
In order to assess the influence of w/c ratio on the test specimen expansion in 
MCPT, a series of trial concrete mixtures with different w/c ratios (0.40, 0.45 and 0.50) 
were prepared. In this study two cements were used, high-alkali cement with a Na2Oe 
content of 0.82% and low-alkali cement with a Na2Oe content of 0.49% at a constant 
cement content of 700 lb./yd
3
 in all six cases. In this study, the soak solution composition 
in the high-alkali cement mixtures was maintained at 1N NaOH, while in low-alkali 
cement mixtures a soak solution composition of 0.45N NaOH was used.  This value 
matches the pore solution alkalinity of a concrete containing low-alkali cement (Na2Oeq = 
0.49%), at a w/c ratio of 0.45 w/c. The expansion of prisms for high- and low-alkali 
cements, with each of the three w/c ratios – 0.40, 0.45 and 0.50 are shown in Figures 7.1 
and 7.2.   
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Figure 7.1:  Effect of w/c ratio on the expansion of test specimens in MCPT with high-
alkali cement. 
 
 
Figure 7.2:  Effect of w/c ratio on the expansion of test specimens in MCPT with low-
alkali cement. 
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In the case of high-alkali cement specimens, the difference between the 56-day 
expansion of MCPT test specimens with w/c ratio of 0.50 and 0.40 is 0.0028%, and 
continues to be minimal at later ages and for the low -alkali cement specimens with the 
0.40 and 0.50 w/c ratios the 56-day expansions are themselves are very low 0.0287% and 
0.0375% (< 0.040% limiting value in MCPT). Based on these results, it appears that the 
w/c ratio of concrete within the normal operating range of 0.40 to 0.50 may have minimal 
influence on the observed expansions of specimens in the MCPT method.  In these 
studies, the soak solution concentration used in all of the high-alkali and low-alkali 
MCPT mixtures were maintained at 1.0M NaOH and 0.45M NaOH, respectively.  
Having the same soak solution in each set may have reduced the clarity of the impact of 
interaction between cement alkali content and w/c ratio on the expansion observed in the 
test specimens.  Nevertheless, for the conditions tested in this study the w/c ratio does not 
appear to have an influence on the MCPT expansion, within the range of 0.40 to 0.50. 
Figure 7.3 shows the influence of w/c ratio on the 56-day expansion behavior of 
test specimens for both high-alkali and low-alkali test specimens.  Notice that, the trend 
lines for both high-alkali and low-alkali cements are almost parallel, indicating that there 
is no interaction between alkali content of cement and the w/c.   In other words, changes 
in w/c ratio have similar impact on the 56-day MCPT expansion for any given cement 
alkali content.   
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Figure 7.3: Effect of w/c ratio on the % expansion of test specimens at 56 days in the 
MPCT with high-alkali and low-alkali cement 
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Figure 7.4 and 7.5 shows the rate (slope) of expansion in MCPT specimens as a 
function of different w/c ratios for high- alkali cement and low-alkali cements, 
respectively.  The rate of expansion of high- alkali cement mixtures tends to increase and 
then decreases at all the three w/c ratios investigated.  However, the peak (i.e. highest rate 
of expansion) occurs at much earlier ages for concrete mixtures having a lower w/c ratio 
than those with high w/c ratio.  For the low alkali cement mixtures, the rate of expansion 
does not show a peak; rather it continues to grow steadily throughout the test duration.  
This indicates that with high-alkali cements there is a definite non-linear growth in the 
test specimens at early ages when the internal pore solution is more dominant in affecting 
the reaction rate.  At low w/c ratio, the pore solution is of higher concentration and the 
rate of reaction is greater, conversely at high w/c ratio the pore solution concentration is 
lower and the rate of reaction is slower at early ages.  However with increase in age, the 
micro-environment within the concrete specimens is dominated by the external soak 
solution alkalinity and masks the influence of any pore solution effects.  This trend is 
more apparent with high-alkali cement than low-alkali cement. 
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Figure 7.4: Rate (slope) of expansion of different of w/c ratio with high alkali cement 
 
 
Figure 7.5:  Rate (slope) of expansion of different of w/c ratio with low-alkali cement 
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Influence of Total Cement Content 
 
In order to assess the influence of total cement content on the test specimen 
expansion in MCPT, a series of concrete mixtures with different cement content (600 
lb./yd
3
, 700 lb/yd
3
, and 800 lb/yd
3
) were prepared at a constant w/c ratio of 0.45.  In this 
study two cements were used: a high-alkali cement with a Na2Oe content of 0.82% and 
low-alkali cement with a Na2Oe content of 0.49% at a constant w/c ratio of 0.45 in all the 
six cases.  The soak solution composition in the high-alkali cement mixtures was 
maintained at 1N NaOH, while in low-alkali cement mixtures a soak solution 
composition of 0.45N NaOH (matching the pore solution alkalinity for the low-alkali 
cement, 0.49%, at 0.45 w/c ratio) was employed. Since the w/c ratio was kept constant at 
0.45, the pore solution concentration in each of the mixes was assumed to be constant for 
a cement of given alkali content. The expansion of prisms for high- and low-alkali 
cements, with each of the three cement content- 600 lb/yd
3
, 700 lb/yd
3
, and 800 lb/yd
3
 are 
shown in Figures 7.6 and 7.7.  
The results from these tests suggest that at a constant w/c ratio, the expansion in 
MCPT specimens increased with increasing cement content in the mixture.  The 
difference in the 56-day expansion of test specimens with high-alkali cement contents of 
600 and 800 lb/yd
3
 of high-alkali cement was found to be 0.0334%. The corresponding 
difference in 56-day expansion of test specimens with low-alkali cement mixtures was 
0.0188%. From these results it appears that the cement content of the concrete mixture 
has more influence in causing expansion, within the typical range of cement contents 
employed than w/c ratio (as seen in previous section). This may be because as the w/c 
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ratio is reduced, although the alkali concentration goes up in the pore solution, the 
strength of the concrete is considerably increased.  It is likely that the effect of higher 
pore solution concentration on the ASR reaction and hence expansion is negated by the 
increased strength in concrete due to a lower w/c ratio.  
Figure 7.8 shows the influence of cement content on the percent expansion of test 
specimens at 56 days in the MPCT with high-alkali and low-alkali cement. Notice that, 
the curves are close to linear and high-alkali cement has greater slope than low-alkali 
cement. This indicates that increase in cement content increases expansion in the MCPT 
specimens, and it is more significant for the high-alkali cement than the low-alkali 
cement. 
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Figure 7.6: Effect of Cement Content of Concrete on Expansion in the MCPT Method 
(High-Alkali Cement). 
 
 
 
Figure 7.7: Effect of Cement Content of Concrete on Expansion in the MCPT Method 
(Low-alkali cement) 
  
0.0000
0.0400
0.0800
0.1200
0.1600
0.2000
0 7 14 21 28 35 42 49 56 63 70 77 84
E
x
p
an
si
o
n
, 
%
 
Age, Days 
800 lbs/yd3
700lbs/yd3
600 lbs/yd3
0.0000
0.0400
0.0800
0.1200
0.1600
0.2000
0 7 14 21 28 35 42 49 56 63 70 77 84
E
x
p
an
si
o
n
, 
%
 
Age, Days 
800 lbs/yd3
700lbs/yd3
600 lbs/yd3
132 
 
Figure 7.8: Effect of cement content on the % expansion of test specimens at 56 days in 
the MPCT with high lime and low lime cement 
 
Figure 7.9 and 7.10 shows the rate (slope) of expansion of different cement 
contents with high-alkali and low-alkali cements, respectively. The rate of expansion for 
different cement contents with high-alkali cement shows a maximum value and then 
decreases, whereas for the low-alkali cement the rate continues to grow steadily, except 
in the case of highest cement content of 800 lb/yd
3
. The results from testing the influence 
of w/c ratio and cement content on MCPT expansion clearly indicate that the total alkali 
content in the concrete has a more significant impact on the expansion observed than the 
pore solution concentration within the concrete. 
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Figure 7.9: Rate (slope) of expansion of different of cement content with high alkali 
cement 
 
 
Figure 7.10: Rate (slope) of expansion of different cement content with high alkali 
cement 
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Effect of Total Alkali Loading 
 
The total alkali loading can be found by multiplying the amount of cement in the 
mix and the alkali level in the cement. This can be expressed as: 
Alkali loading (lb/yd
3
) = Cement content (lb/yd
3
) x Cement Alkalinity (Na2Oe %). 
Table 7.1 shows six concrete mixtures in which the w/c ratio of the concrete was 
maintained at 0.45, however the cement alkali content and the cement content of the 
concrete was varied.  A high-alkali cement and a low-alkali cement were used in this 
study, using three levels of cement content at 600 lb/yd
3 
, 700 lb/yd
3 
 and 800 lb/yd
3
.
  
 
From these combinations six levels of alkali loading in concrete were generated.  These 
ranged from a low value of 2.94 lb/yd
3 
to a high value of 10 lb/yd
3
. 
Table 7.2 shows the alkali loading in each of these concrete mixtures along with 
their 56-day MCPT expansion value.  Figure 7.11 shows a comparison between 56-day % 
expansion and alkali loading.  From this data it can be observed that the correlation 
between the alkali loading and the 56-day expansion in the MCPT method is highly linear  
(R
2
= 0.99).  
Table 7.1: Alkali loading of different MCPT specimens 
 
Cement Content 
(lb/yd
3
) 
Alkali loading, lb/yd
3
 
Low Alkali , 0.49% 
Na2Oe 
High Alkali boosted to 1.25% 
Na2Oe 
600 2.94 7.5 
700 3.43 8.75 
800 3.92 10 
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Table 7.2: Alkali loading and corresponding 56-day expansions of MCPT specimens 
 
Cement type Alkali loading, lb/yd
3
 56% Expansion 
Low Alkali , 0.49% Na2Oe 2.94 0.0267 
Low Alkali , 0.49% Na2Oe 3.43 0.031 
Low Alkali , 0.49% Na2Oe 3.92 0.0385 
High Alkali boosted to 1.25% Na2Oe 7.5 0.0983 
High Alkali boosted to 1.25% Na2Oe 8.75 0.123 
High Alkali boosted to 1.25% Na2Oe 10 0.1317 
 
 
 
 
Figure 7.11: Comparison between alkali loading and 56-day % expansion 
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Influence of Pore Solution Alkalinity 
 
In order to assess the influence of pore solution alkalinity on the test specimen 
expansion in MCPT method, a series of concrete mixtures with different pore solution 
alkalinities - 0.45N, 0.78N, 1.00N NaOH concentration, were prepared at a constant w/c 
ratio of 0.45 and cement content of 700 lb/yd
3
.   In these tests, the soak solution used in 
the MCPT method was matched with the predicted pore solution alkalinity. 
The predicted alkalinity of the pore solution was calculated based on the equation 
developed by Stark and Diamond in SHRP C-342 (Stark and Diamond, 1993) as follows:  
[OH-] = 0.339 Na2O % / (w/c) + 0.022 +/-  0.06 mol/L --- Eq. 7.1 
In this study high-alkali cement with a Na2Oeq content of 0.82% and low-alkali 
cement with a Na2Oeq content of 0.49% were used. The highest pore solution 
concentration among the three concrete mixtures was generated by using the high alkali 
cement and boosting the total alkali content to 1.25% Na2Oeq. by adding reagent grade 
NaOH pellets to the mix water.  This concrete yielded a predicted pore solution 
concentration of 1N NaOH.  The lowest pore solution concentration of the three concrete 
mixtures was created by using the low-alkali cement with a cement alkali content of 
0.49% Na2Oeq content without any further boosting.  This concrete mixture yielded a 
predicted pore solution concentration of 0.45M NaOH. The intermediate concentration 
pore solution was fabricated by using the high-alkali cement with a cement alkali content 
of 0.82% Na2Oeq content with no further boosting of alkali content.  This concrete 
mixture yielded a predicted pore solution concentration of 0.70M NaOH.   
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MCPT studies were conducted on these three concrete mixtures with one 
modification.  The concentration of the soak solution employed in the test was matched 
with the predicted pore solution composition.  This process ensured that the concrete was 
not surrounded by a higher concentration solution.  However, this process does not 
simulate reality accurately in that there is still a vast reservoir of alkalis available for 
aggregate to react, unlike that observed in real-life concrete structures.  This compromise 
is not all bad, as the results from this approach are likely to be conservative. The MCPT 
expansions of these three concrete mixtures as a function of the soak solution 
concentration are presented in Figure 7.12. In this graph, the cement alkalinity and the 
soak solution alkalinity (matching pore solution concentration) are given for each 
mixture. From these results it is clear that the soak solution alkalinity (as a result of pore 
solution alkalinity) has a significant influence on the expansion behavior of test 
specimens. The expansions in concrete mixtures having a high concentration of pore/soak 
solutions (i.e. 1N and 0.70N NaOH) show similar trend, but the low-concentration pore 
solution (i.e. 0.45N NaOH) shows a different trend. The expansion in specimens with 
lower pore solution concentrations is slow and gradual, but with high-alkali pore solution 
the reactions are more rapid and consequently the expansions are rapid. The 56-day and 
the 28-day expansions of the three concrete mixtures are compared in Figure 7.13. The 
results indicate that at early ages, such as 28-days, the relationship between percent 
expansion and soak/pore solution concentration is perfectly linear (R
2
=1) however at later 
ages when the expansion curves become nonlinear the relationship between percent 
expansion and the pore solution concentration is non-linear.  
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Figure 7.12: Influence of pore solution alkalinity (and matching soak solution alkalinity) 
on the expansion behaviour of MCPT specimens.  The legend indicates the alkali the 
alkali content of the cement and the corresponding soak solution alkalinity. 
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Figure 7.13: Effect of pore solution on the % expansion of test specimens at 56 days and 
28 days in the MPCT. 
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MCPT method.  This may be because as the w/c ratio is reduced, although the alkali 
concentration goes up in the pore solution, the strength of the concrete is considerably 
improved.  The strength and the pore solution concentration effects on the ASR-
induced expansion in test specimens negate each other within this range.  Also, there 
R² = 0.895 
R² = 0.9969 
0.0000
0.0200
0.0400
0.0600
0.0800
0.1000
0.1200
0.1400
0.1600
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
%
 E
x
p
an
si
o
n
 
Soak Solution Alk., N NaOH 
Expansion at 56-day
Expansion at 28-day
140 
does not appear to be any interaction effects between alkali content of cement and the 
w/c on the expansions observed in the MCPT method.  
 The rate of expansion of concrete mixtures with high-alkali cements at different w/c 
ratios shows a maximum value and then decreases with age, whereas for the low 
alkali cement the rate continues to grow steadily with no discernible maximum.  In 
the case of concrete mixtures with high-alkali cement, the maximum rate of 
expansion also appears to occur at earlier ages with decreasing w/c ratio, however, 
the ultimate expansion at later ages is virtually the same regardless of the w/c ratio.  
 At a constant w/c ratio, the concrete prism expansions in the MCPT procedure 
increase with increasing cement content in the mixture from 600 lb/yd
3
 to 800 lb/yd
3
. 
Also, it appears that the cement content of the concrete mixture has more dominant 
influence on the expansions observed in concrete prisms than the w/c ratio within the 
typical ranges of values employed. 
 Increase in the cement content of concrete mixtures increases the percent expansion 
observed in the MCPT method, and this trend is more significant for the high-alkali 
cement mixtures than the low-alkali cement mixtures. 
 The pore solution concentration of concrete has a dominant influence on the percent 
expansion observed in the concrete prisms.  Among all the factors investigated the 
pore solution concentration, as affected by the alkali content of the cement, appears to 
be the most dominant.  Any pore solution concentration increase offered by reduction 
in the w/c ratio does not appear to play a significant role, within the normal range of 
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w-c ratios of 0.40 to 0.50.  Additional investigation is needed when w/c ratios fall out 
of this range. 
 Similar to the findings from to the pore solution concentration effects on concrete 
prism expansion, the total alkali loading in concrete has a dominant influence and the 
correlation between the 56-day percent expansion and the total alkali loading is 
highly linear. 
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CHAPTER EIGHT 
 
DEVELOPMENT OF FLY ASH MITIGATION MODEL 
 
 
Introduction 
 
 To develop a statistical method for fly ash mitigation in MCPT, first the basic 
parameters of a mix design (factors effecting ASR expansion) were investigated. These 
included- water to cement ratio, amount of cement and cement alkalinity. Cement 
alkalinity found out to be the dominant factor. Since, the Fly ash mitigation model must 
include other variables such as lime content of the fly ash, FA dosage level, therefore, 
cement alkalinity was the only variable taken out of the initial job mix parameters to be 
included in the FA mitigation model. The fly ash mitigation effectiveness model 
includes-fly ash amount (% replacement of cement), lime content (CaO %) in the fly ash 
and the soak solution (based on alkali content of cement, and w/c was taken as constant 
0.45). The main effects and interaction effects were explored and a general ASR 
expansion prediction equation was developed. The equation was later verified by 
additional data and good correlation (R
2
 = 0.91) was found between the experimental and 
the predicted data. 
 
Description of Factorial Design 
 
In a factorial design, the influences of all experimental independent variables (known as 
factors), and interaction effects on the response or responses are investigated. If the 
combinations of k factors are investigated at two levels, a factorial design will consist of 
2
k 
experiments. It is expressed as level 
factor
. For example, if 3 factors are investigated at 2 
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levels, this will need 2
3
 =8 experiments.  The response (Y), dependent on factors A, B, C 
can be expressed as; Y= f (A, B, C). 
Factors: experimental variables that can be changed independently of each other 
Independent Variables: same as factors 
Continuous Variables: independent variables that can be changed continuously 
Main effect: The effect of one independent factor (variable), ignoring the effects of all 
other independent variables. An effect is the difference in the means between the high 
and the low levels of a factor. 
Interaction effect: An interaction occurs when one factor effects the results differently 
depending on a second factor.  
In this research three factors (variables) are investigated at two levels (low and high), the 
detail of which is similar to the Figure 8.1 (a), (b).  
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  (a)       (b) 
Figure 8.1: (a), (b) schematic diagram of 2^3 factorial design 
 
 
W/C, Cement Alkalinity, Cement Content Factors Modeling 
 
Water to cement ratio, type of cement and amount of cement were chosen to be tested in 
“23 factorial design”.  
The three factors (continuous variable) are:  
1. Water to cement ratio, 
2. Cement alkalinity,  
3. Amount of cement.  
Each factor had two discrete levels: 
1. w/c (Low 0.35 (-) , high 0.55(+)) 
2. Cement type (Low alkali 0.49%(-) and high alkali cement 0.82% 
(+)Na2Oe) 
3. Cement Amount (600lb/yd3 (-) and 800lb/yd3(+) ) 
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Figure 8.2: Cube plot showing expansion results with the variables and corresponding 
levels  
 
 
Materials: 
Cement: one high alkali (0.82% Na2Oe) and one low alkali (0.49% Na2Oe) 
NaOH: commercially available from chemical companies  
Aggregate: Spratt limestone (reactive aggregate) and Cemex sand (non reactive) 
The Standard or Yate’s order table values are shown in Table 8.1. However, to minimize 
the effect of biasness, the run order was randomized as shown in Table 8.2. 
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Table 8.1: Yate’s order table of w/c, cement alkalinity and cement amount variables 
 St. Order w/c 
Cement 
Alkalinity 
Cement Amount (600-800lb/yd3) 56 day % Exp. 
1 - - - 0.053 
2 + - - 0.031 
3 - + - 0.120 
4 + + - 0.073 
5 - - + 0.068 
6 + - + 0.029 
7 - + + 0.138 
8 + + + 0.105 
 
 
Table 8.2: Run order table of w/c, cement alkalinity and cement amount variable 
 Standard 
Order 
Run 
Order 
w/c 
Cement 
Alkalinity 
Cement Amount 
(600-800lb/yd3) 56 day % Expansion 
5 1 0.35 0.49 800 0.0687 
7 2 0.35 0.82 800 0.1385 
1 3 0.35 0.49 600 0.053 
2 4 0.55 0.49 600 0.03167 
8 5 0.55 0.82 800 0.105 
4 6 0.55 0.82 600 0.073 
6 7 0.55 0.49 800 0.029 
3 8 0.35 0.82 600 0.1207 
 
 The values of Table 8.2 were used in “full factorial design”  for two level three 
factors in “Design Expert” statistical software (Any statistical software, like JMP, 
Minitab can be used instead) to analyze the data. The resulting main effects and 
interaction effects are shown in figure 8.3. The findings are as follows-   
(a) The water content increase (w/c increase) decreases the ASR expansion. This can 
be attributed to that the decrease in w/c results in higher alkali concentration in 
pore water.   
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(b) The alkalinity increase in cement increases the ASR expansion. This can be 
attributed to that the increase in cement alkalinity in produces higher alkali 
concentration in pore water.  
(c) The quantity increase in cement increases the ASR expansion. This can be 
attributed to that the increase in cement amount makes more cement available per 
unit volume of the mix and thus higher alkali concentration in pore water.  
(d) The interaction between cement alkalinity and w/c is negligible, since the lines 
are parallel in the graph. There is no interaction between these two. 
(e) The interaction between cement amount and w/c is negligible, since the lines are 
parallel in the graph. There is no interaction between these two. 
(f) There is interaction between cement amount and cement alkalinity. The ASR 
expansion increases more rapidly for the higher amount of cement than the lower 
amount of cement with increasing cement alkalinity. 
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Figure 8.3: Main effects and interaction effects of basic parameters 
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Table 8.3: Percent contribution of basic factors (from factorial design) 
 
% 
Contribution 
B 70.61 
A 22.01 
C 4.29 
BC 1.47 
ABC 1.15 
AB 0.44 
AC 0.019 
Sum= 100 
Note: A= w/c, B= Cement alkalinity, C = Amount of cement 
 
 
 
 
 
 
 
 
Figure 8.4: Pareto chart of % contribution of effects (Note: A= w/c, B= Cement alkalinity, C 
= Amount of cement) 
 
Table 8.3 and figure 8.4 shows that factor B (cement alkalinity) has the most significant 
effect (70%), followed by factor A (w/c) and the rest factors and interaction effects are 
very minimal.  
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Fly Ash Mitigation Modeling in MCPT 
 
Fly ashes of different types (low and high lime) at different levels (low and high dosage) 
with different cements (low and high alkali) were tested in “23 factorial design”.  
The three factors (continuous variable) are: 
1. Lime content, CaO% of Fly Ash 
2. Fly Ash Dosage, %, (replacement % of cement) 
3. Soak Solution Alkalinity (expressed as N NaOH) 
Each factor had two discrete levels 
1. CaO% (6.06% and 27.5%, Low and High lime fly ashes) 
2. Fly Ash Dosage, % (15% and 35% replacement levels of cement) 
3. Soak Solution Alkalinity (0.5 N and 1 N NaOH) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5: Graphic presentation of factorial design for FA dosage, CaO% of Fly Ash and 
Soak Solution Alkalinity effects on ASR mitigation. 
 
The soak solution alkalinity is based on the cement alkalinity and w/c.  
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Figure 8.6: Cube plot of factorial design for FA dosage, CaO% of Fly Ash and Soak 
Solution Alkalinity effects with expansion values. 
 
 
Materials: 
Fly Ash: one HL-1 (CaO, 27.5%) and one LL-1(CaO, 6.06%) and one IL -1(CaO, 
15.63%) 
Cement: one high alkali (0.82% Na2Oe) and one low alkali (0.49% Na2Oe) 
NaOH: commercially available 
Aggregate: Spratt limestone (reactive aggregate) and Cemex sand (non reactive) 
 
Experiments and Results: 
A total set of nine MCPT mitigation tests were carried out, which includes 8 design 
corner points of the cube (using HL-1 and LL-1 fly ashes) and a center point(using IL-1 
fly ash). The factorial design combination is given in Table 9.4. The cement alkalinity 
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was boosted from 0.82% to 1.25% Na2Oe for high alkali cement and from 0.49% to 
0.55% Na2Oe for low alkali cement. It was done to make sure that the pore solution in the 
MCPT specimens becomes same (calculated by empirical equations of C-342-Eq2.2.1 
and Thomas et al., 2011) as the soak solution of 1 N and 0.5N NaOH respectively.  
 
Table 8.4: Factorial design data table with actual expansion of each combination 
 Exp. 
No. FA dosage% 
CaO % of 
FA 
Soak Soln Alkn,  
N 56-Day, % Expansion 
1 15 27.5 1 0.1003 
2 15 6.06 1 0.0257 
3 35 27.5 0.5 0.015 
4 25 16.78 0.75 0.0212 
5 15 6.06 0.5 0.0127 
6 35 6.06 1 0.004 
7 35 27.5 1 0.041 
8 15 27.5 0.5 0.041 
9 35 6.06 0.5 0.006 
 
The data from table 8.4 were used in statistical analysis software to do the factorial 
design analysis. The main factor (variable) effects and the interaction effects are 
graphically shown in the Figure 8.7(a-f). These were done in excel, using the average 
values of appropriate responses (Avg. values of 56 day % expansions for given 
combinations). For this purpose the Table 8.4 was modified according to Yates order 
(Table 8.5) and Table 8.6 is a sample table for interaction and main effects data. The 
interaction and main effect plots made in excel are cross checked with the software 
output.  
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Table 8.5 Yates order table for factorial design data with actual expansion of each 
combination 
Standard 
Order FA % CaO % of FA Soak Soln. Alk. 
56 day % 
Expansion 
1 - - - 0.01267 
2 + - - 0.00600 
3 - + - 0.04100 
4 + + - 0.01500 
5 - - + 0.02567 
6 + - + 0.00400 
7 - + + 0.10030 
8 + + + 0.04100 
 
 
Table 8.6 Sample table for interaction effect data 
  FA dosage% 
  15% (-) 35% (+) 
CaO % of FA, 6.06(-) 0.019 0.005 
CaO % of FA, 27.5 (+) 0.071 0.028 
  56-Day, % Expansion  
 
 
Table 8.7 Percent contribution of different factors 
  % Contribution 
B 39.75 
A 23.15 
C 16.63 
BC 9.88 
AB 5.81 
AC 4.19 
ABC 0.60 
Sum= 100 
Note: A= FA %, B= CaO % of FA, C- Soak Soln. Alkalinity  
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                         (a.)                                                                          (d) 
 
 
 
 
 
 
 
                          (b.)                                                                          (e) 
 
 
 
 
 
 
 
                        (c.)                                                                             (f) 
Figure 8.7: (a-f) Main factors and interaction effects in FA mitigation model  
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The resulting main effects and interaction effects are shown in figure 8.3. The findings 
are as follows-   
(a) The CaO% of Fly Ash increase in the test increases the ASR expansion.  
(b) The Fly Ash dosage increase in the test decreases the ASR expansion.  
(c) The Soak Solution Alkalinity increase in the test increases the ASR expansion.  
(d) There is interaction between Fly Ash dosage and CaO% of Fly Ash (lime 
content). FA dosage % increase reduces the ASR expansion more rapidly in high 
lime FA than low lime FA. 
(e) There is interaction between Fly Ash dosage and soak solution alkalinity. FA 
dosage % increase reduces the ASR expansion more rapidly in high soak solution 
alkalinity than low soak solution alkalinity. 
(f) There is interaction between CaO% of Fly Ash (lime content) and soak solution 
alkalinity. The lime content increase in FA increases the ASR expansion more 
rapidly in the high soak solution alkalinity than the low soak solution alkalinity 
In figure 8.8 the percent contribution of different factors are shown. It is clear that CaO % 
of FA (B) has the most contributing effect towards ASR expansion followed by FA 
dosage % (A) and soak solution alkalinity(C). Among the interaction effects the BC, (B 
=CaO % of FA, and C= Soak Solution Alkalinity) is the most contributing. 
  
156 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.8: Pareto chart of % contribution of A=FA %, B =CaO % of FA, and C= Soak 
Solution Alkalinity 
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Prediction Equation for 56-Day Expansion with Fly Ash 
 
Based on the factorial design model a prediction equation is developed using the 
statistical software “Design Expert”, which has a general form as the following, 
Prediction Equation (general form), Y = f (A, B, C);  
 
Y= b0+b1*A+ b2*B+b3*C+b4*(A*B) + b5*(B*C) + b6*(C*A) +b7*(A*B*C). 
 
Let, A=FA dosage %, B =CaO % of FA, and C= Soak Solution Alkalinity. 
Prediction Equation = 0.000230824+0.000257773*A+0.000192766*B+0.00966084*C-
0.0000175713*A*B+0.00368378*B*C -0.000648737*C*A-0.0000561544*A*B*C 
 
The prediction equation involved two different fly ashes (one low and one high lime). 
Now, the equation is verified with six other fly ashes that were not part of the model in 
Table 8.8. Figure 8.9 shows that the correlation (R
2
=0.91) between experimental and 
predicted values of six different fly ashes at 56 days are in harmony. 
 
Table 8.8: Six different fly ashes experimental and predicted values at 56 days 
 
  Experimental Exp % 
Predicted 
Exp% 
GeraldGentleman 25%FA, 26.6% CaO,  1 N  0.0453 0.0542 
Comanche 25%FA, 29.85%CaO,  1 N 0.0600 0.0608 
SanJuan 25%FA, 6.06% CaO,  1 N 0.0110 0.0124 
CoalCreek 25%FA, 15.63% CaO, 1 N 0.0212 0.0319 
Apache 25%FA, 10.33% CaO, 1N  0.0177 0.0211 
ColetoCreek 25%FA, 18.94% CaO,  1 N 0.0237 0.0386 
  
158 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.9: Correlation between experimental and predicted values of six different fly 
ashes at 56 days. 
 
Conclusions 
 
The data analysis through factorial design of different basic mix design 
parameters sorted out the cement alkali was the most prominent factor contributing to 
ASR expansion. This parameter was incorporated in Fly ash model through soak solution 
alkalinity along with FA dosage% and lime content (CaO %) of fly ashes. The main and 
interaction effects were discussed earlier. The prediction equation can be handy to get an 
idea as a first trial for fly ash mitigation with Spratt. The factorial model can also be used 
to optimize the fly ash dosage, lime content of FA and soak solution alkalinity by setting 
a target expansion using any statistical software (example-Minitab, Jmp etc.). However, 
as the predicted values are not substitutions for experimental values, therefore, specimens 
should be made accordingly and run the MCPT tests. 
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CHAPTER NINE 
 
EVALUATION OF CONCRETE JOB MIXTURES 
 
 
Introduction 
 
The applicability of testing job mixtures in MCPT for ASR expansion 
performance was intended to evaluate the benefits of using SCMs as ASR mitigation 
measures in the MCPT method using real job mixtures. The tests were carried out using 
two real job mixes with field history. These were used in the construction of two 
taxiways (Tango and Victor) at an airport.  A series of four different concrete mixtures 
were cast -two mixtures that were job concrete mixtures used in the construction of that 
two taxiways and two additional concrete mixtures similar to the job mixtures described 
above but without any supplementary cementing materials in them. In these studies, the 
soak solution alkalinity was matched with the calculated pore solution alkalinity using the 
predictive equation developed as part of SHRP C-342 studies (Helmuth et al. 1993). The 
alkalinity of the pore solution based on alkali content of the cement and its w/c ratio is 
given by: 
 [OH
-
] = (0.339 Na20eq %)/(w/c) + 0.022 ± 0.06 mol/L 
 
 
Tango and Victor Taxiway Job Mixtures 
 
For this study, two job mixtures that were used in the construction of two 
taxiways at a major airport (Taxiway Victor and Taxiway Tango) were employed.  Spratt 
limestone was employed as the reactive coarse aggregate, as the actual aggregate used in 
the field was not readily available to be included in this investigation.  Also, the actual 
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job mix cement, fly ash and slag were not available either. Therefore, a low-alkali cement 
(0.49% Na2Oeq.) was used and its alkali content was slightly boosted to match the alkali 
content of the job cement used in the project (0.57% Na2Oeq.) to simulate the job cement.  
A fly ash having a similar lime content as the job fly mixture was employed in this study 
along with a grade 120 slag, very similar to that used in the job mixture. 
The job mixture used in the construction of Taxiway Tango contained 15% Class 
C fly ash (with a CaO content of 27.22%) with a total cementitious materials content of 
648 lb/yd
3
 and a w/cm ratio of 0.41.  The concrete used for the Taxiway Victor employed 
slag at a 40% cement replacement level by mass with a total cementitios materials 
content of 635 lb/yd
3
 and a w/cm ratio of 0.42. 
Table 9.1 shows the mixture proportions of the two job mixture concretes used in 
the field.  Table 9.2 shows the mixture proportions used in this study to simulate the job 
mixtures used in the construction of Taxiways Tango and Victor.  Table 8.3 shows the 
mixture proportions used in this study for control mixtures using the same materials, 
where no SCM was used.  In both of these MCPT tests, i.e. job mixture with SCM and 
job mixture without SCM, a 0.55N NaOH solution was used as the soak solution.  
Although, technically the alkali contribution of SCMs in the concrete is typically 
negligible, and therefore the alkali content of the concrete mixture should be discounted 
based on the SCM dosage, in this study such an adjustment was not made to the pore 
solution composition and hence the matching soak solution composition.  The expansion 
results obtained from these studies should therefore be conservative. 
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The field performance of Taxiway Tango, after 5 years of service showed incipient signs 
of map cracking, while Taxiway Victor showed no distress at all, even though both 
concrete mixtures employed aggregates from the same source and a cement that had a 
similar composition. 
In the case of Victor concrete mixtures, it can be seen from Figure 9.1 that the 56 
day MCPT expansion in the 40% slag concrete mixture is significantly lower than the 56-
day expansion observed with the control mixture (without SCM). In the case of Tango 
concrete mixtures, it can be seen from Figure 9.2 that the 56-day MCPT expansion in the 
15% Class C fly ash mixture was similar to that of the control mixture and no mitigation 
was observed.  
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Table 9.1: Mixture proportions of the actual job mixture concretes 
Taxiway 
Cement 
Content 
(lb/yd3) 
SCM Content,  
(lb/yd3, Replacement 
%) 
w/c 
CA Content 
(lb/yd3) 
FA Content 
(lb/yd3) 
Tango 
549, 
(0.57% 
Na2Oeq.) 
99, 15 (Fly ash) 0.41 
1840 
(AGG-18) 
1153 
Victor 
381 
(0.61% 
Na2Oeq.) 
254, 40 (Slag) 0.42 
1840 
(AGG-20) 
1118 
 
Table 9.2: Mixture proportions of the simulated job mixture concretes in MCPT 
Taxiway 
Cement Content 
(lb/yd3) 
SCM Content,  
(lb/yd3, Replacement 
%) 
w/c 
CA Content 
(lb/yd3) 
FA Content 
(lb/yd3) 
Tango 
549, 
(low-alkali 
boosted to 0.57% 
Na2Oeq.) 
99, 15 (Fly ash) 0.41 
1840 
(Spratt) 
1153 
Victor 
381 
(low-alkali 
boosted to 0.61% 
Na2Oeq.) 
254, 40 (Slag) 0.42 
1840 
(Spratt) 
1118 
 
Table 9.3: Mixture proportions of the control job mixture (without mitigation) concrete  
Taxiway 
Cement 
Content 
(lb/yd3) 
SCM Content,  
(lb/yd3, Replacement 
%) 
w/c 
CA Content 
(lb/yd3) 
FA Content 
(lb/yd3) 
Tango- 
Control 
648 (low-alkali 
boosted to 
0.57% 
Na2Oeq.) 
0, 0 (Fly ash) 0.41 
1840 
(Spratt) 
1153 
Victor- 
control 
635 (low-alkali 
boosted to 
0.61% 
Na2Oeq.) 
0, 0 (Slag) 0.42 
1840 
(Spratt) 
1118 
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Figure 9.1:  Victor taxiway job mix and control mix expansion curves 
 
 
 
Figure 9.2: Tango taxiway job mix and control mix expansion curves 
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Performance Index 
 
To gauge the effectiveness of a certain mitigation measure with certain job 
mixture concrete, the Performance Index (PI) parameter is introduced.  PI gives the 
performance of a particular mitigation measure based on the comparison of the 56-day 
expansion of the control specimens (i.e. without the SCMs) and the mitigated specimens 
(i.e. with SCMs as mitigation measures).  
PI can be defined as follows: 
PI = [(Ec- Ej) x100%] / Ec   -- Eq. 9.1 
Wherein,   
Ec = 56-day MCPT expansion of control job mixture (i.e. without any SCMs) 
Ej = 56-day MCPT expansion of mitigated job mixture (i.e. with SCMs)  
The concept of PI can be applied to both standard MCPT mixtures (i.e. using mixture 
proportions based on the standard MCPT method) and for job concrete mixtures (i.e. 
using the mixture proportions specific to a given job).  Consequently, for evaluation of 
effectiveness of job concrete mixtures in mitigating ASR, it is recommended that four 
parallel MCPT tests be conducted.  These include the following: 
1. Standard-Control MCPT method on job materials without any mitigation measure.   
In this case, the job cement and aggregates meeting the gradation requirements 
per the standard MCPT method should be used. Let us indicate the 56-day MCPT 
expansion of this mixture to be Esc. 
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2. Standard-Mitigated MCPT method on job materials using the same dosage levels of 
SCMs, but using the concrete proportions that are based on standard-mitigated MCPT 
method.  
In this case, the job cementitious materials (including any SCMs in the same 
dosage levels as used in the job mixture) and aggregates meeting the gradation 
requirements per the standard MCPT method should be used. Let us indicate the 
56-day MCPT expansion of this mixture to be Esm 
 
3. Job-Control MCPT method on job materials without any mitigation measures using the 
same proportions as used in the job mix. 
In this case, not only the job cement and aggregates should be used, but also job 
proportions and job w/c ratio will be used.  However, no SCMs are to be used in this test.  
The aggregates are required to meet the standard MCPT maximum size requirements 
(1/2 in. max.). Let us indicate the 56-day MCPT expansion of this mixture to be Ejc 
 
4. Job-Mitigated MCPT method on job materials, using the same dosage levels of SCMs, 
and same concrete proportions as used in the job. 
In this case, not only the job cement and aggregates should be used, but also job 
proportions and job w/c ratio, and  same type and dosage levels of SCMs will be used 
The aggregates are required to meet the standard MCPT maximum size requirements 
(1/2 in. max.).  Let us indicate the 56-day MCPT expansion of this mixture to be Ejm 
The results from the four test results, i.e. Esc, Esm, Ejc and Ejm, two Performance Index 
values can be calculated as follows: 
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PIstandard = [(Esc- Esm) x100%] / Esc
 
PIJob = [(Ejc- Ejm) x100%] / Ejc
 
 
Considering that the maximum allowable expansion in the standard MCPT for 
unmitigated mixes at 56 days is 0.04% and that for mitigated mixtures is 0.02%, the 
PIstandard of an ASR resistant concrete mixture can be no less than 50%. If the ASR 
mitigation in the proposed job mixture is as effective as it is in the standard MCPT 
mixtures, then the PIJob should always be greater than PIstandard.  However, considering the 
coefficient of variation in the expansion measurements in the standard MCPT values 
(typically, 10% or less as determined in this study), it is proposed the following condition 
be satisfied for acceptance of a job mixture: 
PIJob ≥ 0.90 x PIstandard  
In order to illustrate the methodology consider the following scenario: 
Victor Taxiway:   
Esc, Standard-Control MCPT 56-day expansion = 0.1230% 
Esm, Standard-Mitigated MCPT 56-day expansion = 0.0143% 
Ejc Job-Control MCPT 56-day expansion =0.055% 
Ejm, Job-Mitigated MCPT 56-day expansion = 0.007% 
 
PIstandard = [(Esc- Esm) x100%] / Esc = 88.35% 
PIJob = [(Ejc- Ejm) x100%] / Ejc = 87.27% 
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PIJob ≥ 0.90 x PIstandard  
87.3%  >  0.9 x 88.35% 
87.3%  >  79.5% (OK)  
Note that the Job mixture evaluation is valid only for cements having alkali content less 
than or equal to 1.25% Na2Oe. 
 
Procedure to Evaluate Job Mixture 
 
The following step by step procedure should be followed in assessing the ASR 
mitigation effectiveness of job concrete mixtures: 
Step 1. (a) Conduct the Standard Control MCPT tests on fine and coarse 
aggregate separately.  Use the larger of the two expansion values in 
determination of the Standard Performance Index. 
(b) Conduct the Standard Mitigation MCPT test using the more reactive of 
the two aggregates, with SCMs being used at the same dosage level as will 
be used in the job mixture. 
(c) Conduct the Job Control MCPT test using the same proportions of 
aggregates and cement materials as will be used in the field.  Make sure no 
SCMs are used in this mix. 
(d) Conduct the Job Mitigation MCPT test using the same proportions of 
aggregates and cementitious materials, including any SCMs at the same 
dosage level that is proposed to be used in the field.  
 
168 
Note:  Steps 1b, 1c and 1d can be conducted after conducting Step 1a, 
provided there is enough time.  Or else, it is recommended that all parts of 
Step 1 be conducted to save time, if working on a short schedule. 
 
Step 2.  (a) If both the aggregates are non-reactive, then there is no need for job  
mixture evaluation for ASR. However, if one or both of the aggregates are 
reactive, then compare the expansion in the Standard Mitigation MCPT 
test with the limit of 0.020%. 
(b) If expansion in the Standard Mitigation MCPT test is greater than 
0.020%, then increase dosage level of SCM and repeat Step 1b and 
evaluate as per Step 2a. 
(c) If expansion in the Standard Mitigation MCPT test is < 0.020%, then 
check if the PIjob  ≥ 0.90 x PIstandard  
(d) If PIJob≥0.90 x PIStandard, then job mixture is satisfactory in mitigating 
ASR and no concern should exist. 
(e) If PIJob < 0.90 x PIStandard, then choose alternate materials or higher 
SCM dosage and repeat the process.    
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CHAPTER TEN 
 
SUMMARY AND CONCLUSIONS 
 
 
Based on extensive studies conducted in this investigation, the following summary 
comments and conclusions are arrived at: 
 
Development of the MCPT Method 
 
 The test results based on evaluating a wide range of reactive and non-reactive 
aggregates (33 in total, 19 coarse aggregates and 14 fine aggregates) showed 
the viability of the MCPT as an alternative to the standard ASTM C 1293 and 
ASTM C 1260 test methods. The 56-day expansion data from MCPT test 
method for assessing aggregate reactivity (comparing the results of 12 
aggregates) showed excellent correlation (R
2
= 0.99) with 1-year expansion 
data of the Concrete Prism Test (CPT).  The correlation of 56-day MCPT data 
with 14-day AMBT data was not nearly as high as with the 1-year CPT data.   
 
 The effect of storage temperature (three different storage temperatures: 38°C, 
60°C and 80°C) on the expansion of concrete prisms, showed that the 
expansions were highest for 80°C and lowest for 38°C. The 80°C temperature 
is much harsher and does not represent any realistic exposure condition, other 
than to merely accelerate the test method. Also, at this temperature, the 
reaction mechanics do not bear any resemblance to field conditions. The 
chosen temperature of 60°C is based on practical consideration of peak 
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temperatures that pavements and other outdoor concrete structures potentially 
experience in hot summer conditions. Also, the negative effects of elevated 
temperature of 80°C, such as instability of sulfo-aluminate phases are less 
likely to be experienced at 60°C exposure temperature, particularly in 
mixtures containing SCMs. 
 In investigations conducted on the effect of test specimen shape on the 
expansion in the MCPT method, it was found that the cylindrical specimens 
expanded more than the prismatic specimens, even though both specimens 
had identical surface area to volume ratio. It was also observed that 
fabrication of cylindrical specimens with gage studs was cumbersome and 
prone to inconsistency, but the preparation of prismatic specimens is well 
established and the molds are readily available from commercial vendors.  
Keeping these practical limitations in view, prismatic specimens with 
dimensions of 50 mm x 50 mm x 285-mm (2 in. x 2 in. x 11.25 in.), were 
considered ideal for the proposed MCPT protocol. 
 Among the different storage methods explored in the MCPT method, virtually 
no noticeable difference could be observed in expansion of test specimens that 
were stored in 100% relative humidity environment, regardless of whether 
they were wrapped in wet towels or bare specimens without any towel wrap.  
However, test specimens soaked in 1N NaOH soak solution showed 
substantially more expansion than those stored in 100% RH environment. 
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 The concrete prism expansion in the MCPT method showed a positive linear 
trend with increasing level of alkalinity in the soak solution, in the range of 
0.5N to 1.5N NaOH solutions. However, 1N soak solution closely matches the 
pore solution of cement having 1.25% Na2Oeq and it also correlates well with 
the CPT data. Therefore, 1N NaOH soak solution was chosen as the preferred 
soak solution in the MCPT method. 
 The impact of soaking the concrete specimens in water for 1 day at the 
beginning of the test method on the subsequent expansion of MCPT was 
evaluated by comparing 100% RH initial curing vs. water curing for the first 
day in the Standard Control MCPT procedure. The concern was that if alkalis 
leach out in the first day of water curing from the specimens, then it may 
consequently influence the later age expansion measurements. Specimens 
soaked in water at 60°C showed a slightly higher level of expansion at all 
ages, compared to those specimens stored at 100% relative humidity. 
However, this difference was not significant. Therefore, the concern that  
soaking the specimens in water at early ages will substantially leach alkalis 
and affect the MCPT results does not appear to be valid.  Also, since the 
specimens are subsequently stored in 1N NaOH solution thus replenishing the 
alkali level in the specimens, alkali leaching is not a concern in the MCPT 
method as it is in the ASTM C 1293 (CPT) test method.  
 An expansion limit of 0.040% in the MCPT method at 56 days appears to 
characterize the aggregate reactivity of majority of the aggregates, particularly 
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those aggregates that show expansion well above (highly reactive) or well 
below (non-reactive) the 0.040% limit.   
 For aggregates that show borderline expansion (i.e., between 0.030% – 
0.040% at 56 days), the rate of expansion of the test specimens between 56 
and 84 days appears to provide additional guidance on the nature of aggregate 
reactivity.  The average rate of expansion in prisms greater than 0.010% per 
two weeks between the ages of 56 and 84 days appears to identify marginal 
aggregates that are of low and/or late reactivity.  The average rate of 
expansion in prisms less than 0.010% per 14 days, between the ages of 56 and 
84 days identifies the aggregates as being non-reactive in nature. 
 Table 10.1 shows the proposed criteria  for characterizing the aggregate 
reactivity in the MCPT method 
Table 10.1: Proposed criteria for characterizing the aggregate reactivity in MCPT method 
 
Degree of Reactivity % Expansion at 56 
Days (8 Weeks) 
Average Rate of Expansion  
from 8 to 12 weeks 
 
Non-reactive ≤ 0.030 % N/A* 
Non-reactive 0.031% - 0.040% ≤ 0.010% per two weeks 
Low/Slow Reactive 0.031% – 0.040% > 0.010% per two weeks 
Moderate Reactive 0.041% – 0.120% N/A* 
High Reactive 0.121%-0.240% N/A* 
Very Highly Reactive > 0.240% N/A* 
  * N/A – Not Applicable 
 
Note: MCPT is valid only for cement alkali content ≤ 1.25% Na2Oe.   
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Evaluating Effectiveness of Mitigation Measures 
 
 Test results from studies on effectiveness of ASR mitigation measures using 
SCMs (including nine different fly ashes, slag, metakaolin, silica fume) at 
different dosage levels in the MCPT method showed that this method can be a 
suitable alternative to the standard ASTM C1293 (the 2 year test for 
mitigation) and ASTM C1567 test methods. 
 Table 10.2 shows the proposed criteria  for characterizing the effectiveness of 
ASR Mitigation measures in MCPT method 
 
Table 10.2: Proposed criteria for characterizing effectiveness of ASR Mitigation 
measures in MCPT method 
 
Efficiency of Mitigation % Expansion at 56 Days (8 Weeks) 
Effective < 0.020% 
Uncertain
* 
0.020% – 0.025% 
Not effective >0.025%  
* - Recommend retest with MCPT using a higher dosage of mitigation 
 
 MCPT can be used in cases where both the fine and coarse aggregates are 
reactive, which cannot be tested in the AMBT (combination not possible).  
 The effectiveness of low-lime and intermediate-lime class fly ashes can be 
correlated to their lime content effectively.  
 
 
Evaluation of Job Mixtures 
 
 Research in this study has shown that MCPT procedure can be applied to 
evaluate job concrete mixtures, by determining the Performance Index of 
concrete mixtures.  Application of this concept to a case study of two real 
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pavements showed promise that the MCPT can be a valid procedure to 
evaluate the ASR potential of job concrete mixtures. 
 Performance Index (PI) gives the performance of a particular mitigation 
measure based on the comparison of the 56-day expansion of the control 
specimens (i.e. without the SCMs) and the mitigated specimens (i.e., with 
SCMs as mitigation measures).  The concept of PI can be applied to both 
Standard MCPT mixtures (i.e., using mixture proportions based on the 
standard MCPT method) and Job concrete mixtures (i.e., using the mixture 
proportions specific to a given job).  Consequently, to evaluate ASR potential 
of Job concrete mixtures, it is recommended that four parallel MCPT tests be 
conducted, so as to obtain the following parameters:   
 
Esc, Standard-Control MCPT 56-day expansion  
Esm, Standard-Mitigated MCPT 56-day expansion  
Ejc Job-Control MCPT 56-day expansion  
Ejm, Job-Mitigated MCPT 56-day expansion  
 
Based on the comparison of the PI of the standard mixes and the job mixes (as 
shown below), an assessment can be made on the ASR potential of the job 
concrete mixture. 
 
PIstandard = [(Esc- Esm) x100%] / Esc  
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PIJob = [(Ejc- Ejm) x100%] / Ejc  
Job mixture is considered effective if: 
PIJob ≥ 0.90 x PIstandard; but not less than 50% in any case. 
 
Recommendations 
 
 All the available aggregates in US and Canada can be divided into groups of 
reactivity (non-reactive, low-reactive etc.) using MCPT method. 
 Effect of blended aggregates should be evaluated and criteria to define the 
reactivity of blended aggregates should be developed. 
 Binary and ternary (SCM) blends of SCMs should be evaluated using MCPT 
mitigation. 
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Appendix A 
MCPT Expansion results 
 
Table A.1: L4-Spratt, regular MCPT  
Day Avg. % Exp. Std. Dev. CV 
0 0.00  - -  
3 0.007 0.0020 28.57 
7 0.029 0.0031 10.66 
10 0.049 0.0053 10.80 
14 0.068 0.0081 12.04 
21 0.094 0.0087 9.27 
28 0.112 0.0058 5.14 
42 0.133 0.0076 5.68 
56 0.149 0.0061 4.08 
70 0.164 0.0083 5.09 
84 0.179 0.0081 4.51 
 
 
Table A.2: L6-Spratt, MCPT-100% RH, kept over water  
Day Avg. % Exp. Std. Dev. CV 
0 0 - -   
3 0.013 0.001 10.88 
7 0.015 0.001 9.43 
10 0.026 0.002 8.32 
14 0.039 0.001 3.63 
21 0.058 0.000 0.00 
28 0.067 0.001 2.11 
42 0.082 0.004 5.17 
56 0.090 0.003 3.14 
70 0.094 0.004 3.78 
84 0.097 0.004 4.37 
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Table A.3: L7-Spratt, MCPT-100% RH, towel wrapped 
Day Avg. % Exp. Std. Dev. CV 
0 0   
3 0.009 0.0020 22.22 
7 0.016 0.0015 9.75 
10 0.030 0.0006 1.95 
14 0.041 0.0006 1.40 
21 0.055 0.0021 3.76 
28 0.070 0.0017 2.47 
42 0.088 0.0015 1.74 
56 0.093 0.0030 3.23 
70 0.096 0.0025 2.61 
84 0.098 0.0026 2.70 
 
 
Table A.4: L8-Liberty, regular MCPT  
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.0000 0.0036 - 
7 0.0053 0.0051 70.31 
10 0.0083 0.0059 50.26 
14 0.0147 0.0074 31.15 
21 0.0237 0.0074 20.03 
28 0.0367 0.0083 16.62 
42 0.0610 0.0078 9.78 
56 0.0827 0.0081 8.48 
70 0.1057 0.0090 5.77 
84 0.1277 0.0074 96.22 
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Table A.5: L10-Spratt, MCPT -38
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0 0 -- -- 
3 0.001 0.000 0.00 
7 0.003 0.003 94.28 
10 0.004 0.003 70.71 
14 0.005 0.002 47.14 
21 0.010 0.005 47.14 
28 0.017 0.004 20.20 
42 0.034 0.003 8.32 
56 0.055 0.004 6.49 
70 0.073 0.002 2.89 
84 0.086 0.002 2.33 
 
 
Table A.6: L11-SD, regular MCPT  
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.004 0.005 115.47 
7 0.008 0.005 65.77 
10 0.011 0.005 43.64 
14 0.020 0.005 26.32 
21 0.037 0.008 21.85 
28 0.054 0.009 17.37 
42 0.083 0.009 11.14 
56 0.100 0.005 4.97 
70 0.102 0.001 0.70 
84 0.108 0.006 5.24 
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Table A.7: L12-SD, MCPT –Cylindrical shape  
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.003 0.001 38.49 
7 0.009 0.001 6.66 
10 0.015 0.001 3.77 
14 0.024 0.003 4.17 
21 0.053 0.003 5.48 
28 0.072 0.005 4.03 
42 0.101 0.005 4.87 
56 0.123 0.006 3.85 
70 0.140 0.010 4.60 
84 0.148 0.001 6.76 
 
 
Table A.8: L14-Spratt, MCPT –Cylindrical shape 
Day Avg. % Exp. Std. Dev. CV 
0 0 0.001 6.93 
3 0.008 0.002 5.39 
7 0.028 0.001 1.19 
10 0.048 0.005 6.22 
14 0.079 0.006 5.26 
21 0.121 0.007 4.82 
28 0.147 0.009 4.77 
42 0.181 0.008 3.83 
56 0.197 0.003 1.41 
70 0.217 0.009 3.50 
84 0.247 0.001 6.93 
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Table A.9: L15-NM, regular MCPT  
Day Avg. % Exp. Std. Dev. CV 
0 0 0.001 4.93 
3 0.014 0.001 3.89 
7 0.036 0.004 8.21 
10 0.052 0.008 11.95 
14 0.071 0.009 9.78 
21 0.094 0.009 7.88 
28 0.117 0.008 5.29 
42 0.160 0.006 3.43 
56 0.185 0.017 7.97 
70 0.210 0.017 7.58 
84 0.232 0.019 8.20 
 
 
 
Table A.10: L16-NM, MCPT-80
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.028 0.013 12.78 
7 0.071 0.014 17.84 
10 0.086 0.016 16.51 
14 0.109 0.017 14.32 
21 0.139 0.013 12.18 
28 0.169 0.012 7.52 
42 0.227 0.016 5.29 
56 0.259 0.013 6.00 
70 0.287 0.011 4.68 
84 0.324 0.004 3.76 
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Table A.11: L17-NM-MCPT-Cylindrical shape  
Day Avg. % Exp. Std. Dev. CV 
0 0 0.001 3.48 
3 0.020 0.002 4.11 
7 0.052 0.006 8.60 
10 0.074 0.011 11.32 
14 0.094 0.014 11.72 
21 0.121 0.021 14.17 
28 0.145 0.013 7.33 
42 0.183 0.009 4.32 
56 0.213 0.017 6.55 
70 0.254 0.015 5.47 
84 0.281 0.001 3.48 
 
 
Table A.12: L18-NC- MCPT-Cylindrical shape 
Day Avg. % Exp. Std. Dev. CV 
0 0 0.002  
3 0.000 0.007 - 
7 0.026 0.004 26.92 
10 0.039 0.008 8.93 
14 0.079 0.013 10.27 
21 0.119 0.018 10.68 
28 0.140 0.021 13.03 
42 0.169 0.021 12.67 
56 0.182 0.030 11.47 
70 0.196 0.027 15.21 
84 0.209 0.002 12.76 
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Table A.13: L19-NC-regular MCPT 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.007 0.001 14.29 
7 0.017 0.001 5.88 
10 0.032 0.001 3.57 
14 0.058 0.003 4.36 
21 0.096 0.001 1.20 
28 0.114 0.004 3.16 
42 0.141 0.001 0.41 
56 0.149 0.002 1.16 
70 0.159 0.002 0.96 
84 0.167 0.003 1.50 
 
Table A.14: L20-Spratt-80 
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.015 0.001 6.67 
7 0.040 0.002 5.16 
10 0.054 0.002 2.81 
14 0.073 0.004 4.94 
21 0.100 0.004 4.03 
28 0.128 0.003 1.96 
42 0.175 0.002 1.19 
56 0.215 0.005 2.29 
70 0.268 0.004 1.35 
84 0.315 0.006 1.94 
 
 
 
  
184 
 
 
 
 
Table A.15: L21-SD-MCPT-38
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.003 0.000 0 
7 0.003 0.001 47.14 
10 0.003 0.001 20.20 
14 0.006 0.001 11.16 
21 0.006 0.001 11.16 
28 0.007 0.003 40.21 
42 0.010 0.002 21.53 
56 0.013 0.002 17.32 
70 0.017 0.002 8.81 
84 0.024 0.002 8.80 
 
 
Table A.16: L22-SD-MCPT-80
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0  - - 
3 0.013 0.018 130.95 
7 0.024 0.012 51.11 
10 0.048 0.006 12.67 
14 0.063 0.010 15.31 
21 0.078 0.011 13.53 
28 0.093 0.009 9.36 
42 0.118 0.004 3.43 
56 0.147 0.016 11.16 
70 0.173 0.020 11.29 
84 0.189 0.020 10.54 
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Table A.17: L23- Big –Bend-KY (CA)-with Foster Dixiana (FA) MCPT 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.001 0.000 53.03 
7 0.001 0.001 53.03 
10 0.003 0.001 23.57 
14 0.006 0.001 11.79 
21 0.006 0.001 18.23 
28 0.010 0.002 15.80 
42 0.013 0.001 8.66 
56 0.018 0.002 8.81 
70 0.023 0.003 11.10 
84 0.027 0.002 7.41 
 
 
Table A.18: L24-NM-100% RH 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.015 0.001 9.64 
7 0.027 0.009 33.95 
10 0.048 0.010 20.16 
14 0.067 0.008 11.85 
21 0.087 0.007 8.10 
28 0.099 0.008 7.87 
42 0.122 0.009 8.28 
56 0.129 0.014 11.86 
70 0.135 0.015 11.71 
84 0.141 0.016 11.84 
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Table A.19: L25-SD-100% RH 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0014 70.71 
7 0.004 0.0007 20.20 
10 0.005 0.0014 28.28 
14 0.009 0.0014 15.71 
21 0.018 0.0000 0.00 
28 0.027 0.0000 0.00 
42 0.047 0.0007 1.52 
56 0.059 0.0003 0.57 
70 0.072 0.0014 1.96 
84 0.080 0.0014 1.77 
 
 
Table A.20: L26-NC-38
0 
C 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 -0.004 0.0007 -20.20 
7 0.001 0.0007 47.14 
10 0.004 0.0007 20.20 
14 0.005 0.0014 28.28 
21 0.008 0.0007 9.43 
28 0.010 0.0014 14.14 
42 0.023 0.0035 15.04 
56 0.039 0.0092 26.19 
70 0.051 0.0129 25.05 
84 0.066 0.0161 24.48 
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Table A.21: L27-NC-100%RH 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.004 0.0035 78.57 
7 0.006 0.0021 38.57 
10 0.012 0.0021 18.45 
14 0.020 0.0044 21.79 
21 0.039 0.0023 5.97 
28 0.064 0.0101 15.86 
42 0.102 0.0165 16.23 
56 0.121 0.0200 16.51 
70 0.129 0.0243 18.92 
84 0.136 0.0253 18.67 
 
 
Table A.221:  L28-NC-80
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.010 0.0006 5.59 
7 0.030 0.0020 6.67 
10 0.041 0.0010 2.44 
14 0.054 0.0026 4.90 
21 0.065 0.0040 6.19 
28 0.074 0.0045 6.07 
42 0.106 0.0051 4.86 
56 0.119 0.0022 1.83 
70 0.130 0.0017 1.42 
84 0.141 0.0081 6.25 
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Table A.23: L29-NM-38
0
 C 
Day Avg. % Exp. Std. Dev. CV 
0 0   
3 0.005 0.0007 15.71 
7 0.006 0.0007 12.86 
10 0.014 0.0035 26.19 
14 0.020 0.0064 32.64 
21 0.024 0.0064 27.08 
28 0.029 0.0033 11.49 
42 0.048 0.0007 2.11 
56 0.058 0.0035 7.44 
70 0.071 0.0014 2.44 
84 0.082 0.0014 1.99 
 
 
Table A.24: L30-SP-1.5 N NaOH 
Day Avg. % Exp. Std. Dev. CV 
0 0   
3 0.014 0.0012 8.45 
7 0.027 0.0031 11.46 
10 0.042 0.0047 11.34 
14 0.063 0.0066 10.41 
21 0.097 0.0056 5.79 
28 0.127 0.0060 4.76 
42 0.163 0.0078 4.79 
56 0.190 0.0104 5.49 
70 0.207 0.0104 5.04 
84 0.225 0.0133 5.93 
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Table A.25: L31-SP-0.5 N NaOH  
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.004 0.0010 25 
7 0.009 0.0029 30.93 
10 0.017 0.0038 21.84 
14 0.029 0.0043 14.88 
21 0.055 0.0085 15.37 
28 0.069 0.0072 10.45 
42 0.093 0.0101 10.92 
56 0.111 0.0132 11.92 
70 0.118 0.0119 10.14 
84 0.124 0.0127 10.18 
 
 
Table A.26: L32-Quality Princeton 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0014 70.71 
7 0.003 0.0014 47.14 
10 0.009 0.0000 0.00 
14 0.012 0.0007 5.66 
21 0.025 0.0007 2.77 
28 0.033 0.0028 8.57 
42 0.056 0.0021 3.75 
56 0.070 0.0021 3.01 
70 0.089 0.0049 5.53 
84 0.109 0.0014 1.30 
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Table A.27: L34-SLC-Salt Lake City-MCPT 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.001 0.0000 0.00 
7 0.005 0.0010 20.00 
10 0.008 0.0012 15.06 
14 0.011 0.0012 10.83 
21 0.012 0.0006 4.68 
28 0.020 0.0017 8.66 
42 0.030 0.0025 8.30 
56 0.039 0.0032 8.31 
70 0.046 0.0025 5.43 
84 0.059 0.0044 7.39 
 
 
Table A.28: L35 GI-Grand Island Nebraska 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.004 0.0017 43.30 
7 0.009 0.0006 6.19 
10 0.014 0.0006 4.22 
14 0.018 0.0006 3.15 
21 0.032 0.0032 9.94 
28 0.039 0.0035 9.08 
42 0.061 0.0053 8.67 
56 0.091 0.0091 9.93 
70 0.123 0.0127 10.27 
84 0.149 0.0128 8.57 
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Table A.29: L36-SB- SCOTTS BLUFF-NE-MCPT 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0014 70.71 
7 0.007 0.0007 9.43 
10 0.011 0.0014 12.86 
14 0.026 0.0021 8.32 
21 0.032 0.0042 13.26 
28 0.040 0.0057 14.14 
42 0.079 0.0042 5.37 
56 0.115 0.0113 9.84 
70 0.150 0.0057 3.77 
84 0.179 0.0057 3.16 
 
 
 
Table A.30: L 37-Cul-Cullom-NE 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.007 0.0006 8.66 
7 0.013 0.0010 7.69 
10 0.016 0.0006 3.53 
14 0.021 0.0006 2.79 
21 0.027 0.0006 2.17 
28 0.030 0.0015 5.04 
42 0.067 0.0036 5.38 
56 0.082 0.0081 9.90 
70 0.136 0.0065 4.77 
84 0.149 0.0102 6.84 
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Table A.31: L 38-Indianola -NE 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.008 0.0015 19.92 
7 0.011 0.0023 21.65 
10 0.023 0.0012 5.09 
14 0.040 0.0047 11.91 
21 0.055 0.0067 12.18 
28 0.077 0.0040 5.27 
42 0.120 0.0150 12.50 
56 0.142 0.0172 12.15 
70 0.193 0.0180 9.36 
84 0.205 0.0218 10.61 
 
 
 
Table A.32: L41- Adairsville, GA  
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0012 69.28 
7 0.003 0.0021 62.45 
10 0.006 0.0006 10.19 
14 0.006 0.0006 9.12 
21 0.011 0.0006 5.09 
28 0.009 0.0006 6.19 
42 0.012 0.0006 4.68 
56 0.017 0.0006 3.33 
70 0.022 0.0012 5.17 
84 0.027 0.0006 2.11 
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Table A.33: L44 GG– HL1- Class C fly ash 25% (Gerald Gentleman) 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.003 0.0015 45.83 
7 0.005 0.0012 21.65 
10 0.011 0.0006 5.41 
14 0.015 0.0000 0.00 
21 0.021 0.0010 4.76 
28 0.030 0.0036 12.02 
42 0.040 0.0036 9.01 
56 0.050 0.0056 11.14 
70 0.058 0.0070 12.07 
84 0.067 0.0055 8.26 
 
 
Table A.34: L45-CC-IL 1-Coal Creek  25% 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.001 0.0006 86.60 
7 0.001 0.0006 43.30 
10 0.002 0.0000 0.00 
14 0.005 0.0006 12.37 
21 0.008 0.0012 13.86 
28 0.011 0.0012 10.19 
42 0.016 0.0015 9.75 
56 0.022 0.0023 10.66 
70 0.028 0.0025 9.10 
84 0.034 0.0029 8.41 
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Table A.35: L46-NJ –LL 1 FlyAsh-25% 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0000 0 
7 0.002 0.0006 24.74 
10 0.004 0.0006 15.75 
14 0.004 0.0006 15.75 
21 0.005 0.0006 12.37 
28 0.006 0.0006 10.19 
42 0.011 0.0006 5.09 
56 0.012 0.0010 8.33 
70 0.014 0.0012 8.06 
84 0.018 0.0015 8.65 
 
 
 
Table A.36: L 47 Dolomite- Thornton - IL 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.003 0.0006 21.65 
7 0.004 0.0006 13.32 
10 0.007 0.0010 14.29 
14 0.009 0.0015 17.63 
21 0.010 0.0010 10.00 
28 0.014 0.0017 12.37 
42 0.016 0.0010 6.25 
56 0.023 0.0020 8.70 
70 0.024 0.0015 6.28 
84 0.026 0.0020 7.69 
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Table A.37: L 48-Gateway sand -IL 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0006 24.74 
7 0.009 0.0006 6.66 
10 0.013 0.0006 4.56 
14 0.017 0.0010 5.88 
21 0.024 0.0021 8.80 
28 0.045 0.0040 9.05 
42 0.086 0.0057 6.64 
56 0.121 0.0067 5.52 
70 0.185 0.0097 5.24 
84 0.222 0.0095 4.25 
 
 
 
Table A.38: L 50 Taunton-MA 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.004 0.0010 25 
7 0.007 0.0015 22.91 
10 0.010 0.0000 0.00 
14 0.019 0.0010 5.26 
21 0.039 0.0030 7.69 
28 0.063 0.0072 11.45 
42 0.085 0.0085 9.97 
56 0.096 0.0081 8.45 
70 0.107 0.0085 7.99 
84 0.116 0.0075 6.51 
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Table A.39: L51 Oxford-MA 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0012 49.49 
7 0.006 0.0015 24.12 
10 0.011 0.0006 5.41 
14 0.014 0.0006 4.03 
21 0.028 0.0006 2.09 
28 0.046 0.0015 3.34 
42 0.067 0.0015 2.27 
56 0.081 0.0023 2.86 
70 0.097 0.0021 2.15 
84 0.104 0.0036 3.47 
 
 
Table A.40: L 52 George Town sand-PA 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.003 0.0000 0.00 
7 0.006 0.0006 9.12 
10 0.009 0.0021 24.02 
14 0.009 0.0010 11.11 
21 0.016 0.0006 3.53 
28 0.030 0.0023 7.78 
42 0.071 0.0049 6.98 
56 0.111 0.0047 4.24 
70 0.153 0.0071 4.65 
84 0.181 0.0080 4.42 
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Table A.41: L 53-Stocker Sand-PA 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.003 0.0006 17.32 
7 0.005 0.0012 24.74 
10 0.006 0.0012 20.38 
14 0.009 0.0012 13.32 
21 0.016 0.0015 9.35 
28 0.030 0.0032 10.60 
42 0.074 0.0072 9.82 
56 0.115 0.0118 10.27 
70 0.155 0.0147 9.50 
84 0.183 0.0182 9.94 
 
 
Table A.42: L 54-Galena- IL-Sand 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.002 0.0012 69.28 
7 0.004 0.0006 15.75 
10 0.006 0.0006 10.19 
14 0.009 0.0006 6.66 
21 0.014 0.0006 4.03 
28 0.020 0.0006 2.84 
42 0.032 0.0012 3.65 
56 0.046 0.0020 4.35 
70 0.060 0.0023 3.87 
84 0.070 0.0035 4.99 
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Table A.43: L 55-NJ Coarse Aggregate 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.0033 0.0006 17.32 
7 0.0043 0.0006 13.32 
10 0.0053 0.0006 10.83 
14 0.0120 0.0010 8.33 
21 0.0197 0.0012 5.87 
28 0.0350 0.0017 4.95 
42 0.0623 0.0049 7.91 
56 0.0800 0.0070 8.75 
70 0.0960 0.0078 8.14 
84 0.1067 0.0072 6.78 
 
 
Table A.44: L 56-Jobe-McComb sand- TX 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.016 0.0006 3.69 
7 0.126 0.0083 6.59 
10 0.156 0.0085 5.46 
14 0.215 0.0087 4.07 
21 0.293 0.0097 3.32 
28 0.337 0.0126 3.73 
42 0.398 0.0140 3.52 
56 0.435 0.0183 4.21 
70 0.461 0.0180 3.91 
84 0.485 0.0171 3.52 
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Table A.45: L57-Cemex sand with Big –Bend-KY (CA)-MCPT 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 -0.001 0.0000 0.00 
7 -0.001 0.0000 0.00 
10 0.002 0.0000 0.00 
14 0.003 0.0000 0.00 
21 0.005 0.0000 0.00 
28 0.010 0.0014 14.14 
42 0.019 0.0028 14.89 
56 0.022 0.0035 15.83 
70 0.024 0.0049 20.34 
84 0.031 0.0064 20.75 
 
 
Table A.46: L 58-Swampscott- MA 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.001 0.0006 43.30 
7 0.004 0.0010 25.00 
10 0.004 0.0006 13.32 
14 0.007 0.0000 0.00 
21 0.009 0.0010 11.11 
28 0.012 0.0010 8.33 
42 0.014 0.0014 10.10 
56 0.025 0.0014 5.66 
70 0.029 0.0021 7.19 
84 0.037 0.0007 1.89 
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Table A.47: L 59- MSP- St. Cloud- MN 
Day Avg. % Exp. Std. Dev. CV 
0 0 - - 
3 0.00067 0.0006 86.60 
7 0.00233 0.0006 24.74 
10 0.00333 0.0006 17.32 
14 0.00467 0.0006 12.37 
21 0.00833 0.0012 13.86 
28 0.01067 0.0012 10.83 
42 0.01733 0.0006 3.33 
56 0.02333 0.0006 2.47 
70 0.03067 0.0015 4.98 
84 0.03733 0.0015 4.09 
 
 
 
Table A.48: Class C Fly Ash-Different Initial Curing 
  L61 L62 L63 L64 
Day 1_D_W_Cure 7_D_W_Cure 14_D_W_Cure 28_D_W_Cure 
0 0.0000 0.0000 0.0000 0.0000 
3 0.0050 0.0033 0.0007 0.0013 
7 0.0070 0.0043 0.0010 0.0030 
10 0.0087 0.0073 0.0033 0.0057 
14 0.0123 0.0107 0.0047 0.0057 
21 0.0200 0.0160 0.0140 0.0110 
28 0.0243 0.0247 0.0163 0.0180 
42 0.0363 0.0333 0.0297 0.0270 
56 0.0453 0.0443 0.0380 0.0380 
70 0.0530 0.0513 0.0500 0.0447 
84 0.0620 0.0590 0.0577 0.0620 
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Table A.49: Class F Fly Ash-Different Initial Curing 
  L71 L72 L73 L74 
Day 1_D_W_Cure 7_D_W_Cure 14_D_W_Cure 28_D_W_Cure 
0 0.0000 0.0000 0.0000 0.0000 
3 0.0020 0.0003 0.0000 0.0000 
7 0.0023 0.0010 0.0003 0.0000 
10 0.0037 0.0017 0.0013 0.0003 
14 0.0037 0.0023 0.0017 0.0010 
21 0.0047 0.0043 0.0017 0.0023 
28 0.0057 0.0047 0.0020 0.0023 
42 0.0113 0.0053 0.0037 0.0060 
56 0.0120 0.0083 0.0073 0.0067 
70 0.0143 0.0113 0.0087 0.0087 
84 0.0177 0.0127 0.0110 0.0097 
 
 
 
Table A.50: Intermediate Fly Ash-Different Initial Curing 
  L81CC1D L82CC7D L83CC14D L84CC28D 
Day Interm_1_D Interm_7_D Interm_14_D Interm_28_D 
0 0.0000 0.0000 0.0000 0.0000 
3 0.0020 0.0010 0.0013 0.0007 
7 0.0027 0.0023 0.0030 0.0007 
10 0.0033 0.0037 0.0040 0.0007 
14 0.0080 0.0050 0.0067 0.0020 
21 0.0103 0.0060 0.0077 0.0033 
28 0.0127 0.0097 0.0100 0.0063 
42 0.0153 0.0147 0.0130 0.0090 
56 0.0213 0.0177 0.0193 0.0127 
70 0.0267 0.0220 0.0240 0.0177 
84 0.0283 0.0270 0.0287 0.0167 
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Table A.51: Other SCMs Expansion Results 
  Day    L94-Slag 40%  L97-Metakaolin 10%  L119 Silica fume 10% 
0 0.0000 0.0000 0.0000 
3 0.0003 0.0007 0.0010 
7 0.0017 0.0013 0.0017 
10 0.0027 0.0020 0.0030 
14 0.0037 0.0030 0.0040 
21 0.0060 0.0050 0.0060 
28 0.0070 0.0067 0.0077 
42 0.0107 0.0117 0.0107 
56 0.0143 0.0163 0.0160 
70 0.0190 0.0220 0.0170 
84 0.0217 0.0267 0.0200 
 
 
Table A.52: Some Other Aggregates Expansion Results 
L93 Red 
Oak, GA 
L95 
Griffin, 
GA 
L96-
Ogallala 
L99 
Columbus 
L100 
Cayce 
 L101 NJ FA 
Belvidere 
L103 
Blacksburg 
 L 161 
Kingston 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0010 0.0007 0.0010 0.0010 0.0007 0.0007 0.0033 0.0230 
0.0047 0.0023 0.0043 0.0023 0.0017 0.0027 0.0057 0.0710 
0.0053 0.0033 0.0060 0.0043 0.0040 0.0063 0.0090 0.0903 
0.0087 0.0057 0.0083 0.0093 0.0053 0.0093 0.0127 0.1247 
0.0110 0.0070 0.0157 0.0123 0.0097 0.0160 0.0190 0.1467 
0.0157 0.0093 0.0223 0.0190 0.0117 0.0453 0.0257 0.1797 
0.0283 0.0343 0.0410 0.0263 0.0247 0.0930 0.0373 0.2277 
0.0410 0.0450 0.0583 0.0450 0.0310 0.1223 0.0500 0.2443 
0.0540 0.0613 0.0733 0.0587 0.0397 0.1557 0.0637 0.2607 
0.0657 0.0727 0.0910 0.0780 0.0527 0.1900 0.0687 0.2793 
 
 
 
 
 
  
203 
Appendix B 
Additional Detail of MCPT Procedure 
 
Test Specimen Dimensions 
 
In this method, 2 in. x 2 in. x 11.25 in. concrete prisms (51 mm x 51 mm x 285 mm) are 
used as test specimens to evaluate the reactivity of both coarse and fine aggregates.  The 
steel molds required for casting these test specimens are readily available with materials 
testing equipment suppliers.  Figure 1 shows a sample prism mold and a sample concrete 
prism. 
 
 
 
 
 
 
Figure B.1: Test Specimen Molds and a Sample Prism 
 
 
Cement and Concrete Alkali Content Requirements for MCPT Prisms 
 
In this test method a high-alkali ASTM C 150 Type I Portland cement, having an alkali 
content of 0.9 ± 0.1% Na2Oeq. should be used.  The alkali content of the concrete should 
2 in. 
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be further boosted to 1.25% by weight of cement by adding adequate reagent grade 
NaOH to the mix water.  This is done to achieve a pore solution concentration within the 
concrete prisms of approximately 1M NaOH, such that the hydroxyl ion concentration in 
the pore solution is similar to that of the external soak solution (1M NaOH).  Also, the 
impact of alkali leaching from the concrete test specimens during the initial storage of 
test specimens in water for 1 day is minimized.  When using this test method to evaluate 
the effectiveness of supplementary cementing materials for ASR mitigation, the alkali 
content of concrete is calculated based only on the mass of the cement and not that of the 
supplementary cementitious materials. This assumes that the alkali content of the 
supplementary cementitious materials is not greater than 4% by mass of the 
supplementary cementitious material.  
 
Example Calculation for determining the amount of NaOH to be added to the 
mixing water to increase the alkali content of the cement from 0.90% to 1.25%. 
 
(Cement Only Mixtures) 
 
Cementitious Materials content of 1 m
3
 of concrete  = 420 kg 
Cement Content of Concrete     = 420 kg 
Amount of Alkali in the Concrete    = 420 kg x 0.90% 
           = 3.78 kg 
 Specified Amount of Alkali in Concrete   = 420 kg x 1.25% 
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          = 5.25 kg 
 Amount of Alkali to be added to Concrete   = 5.25 kg – 3.78 kg 
         = 1.47 kg  
The 1.47 kg of alkali (i.e. the difference) is the amount of alkali, expressed as 
Na2Oequivalent, to be added to the mix water.  The conversion factor to convert 
Na2O equivalent to NaOH is 1.291, derived as follows: 
 
 Na2O + H2O     2 NaOH 
 1 mole of Na2O   2 moles of NaOH 
 61.98 grams/mole of Na2O   2 x 39.997 grams/mole of NaOH 
  
Therefore, 2 x 39.997 / 61.98 = 1.291.   
Therefore, NaOH required to achieve an a total alkali content of 1.25% of Na2O 
in 1 m
3
 of concrete = 1.291 x 1.47 = 1.898 kg/m
3
 
 
 
 (Cement + Supplementary Cementitious Materials (SCM) Mixtures) 
 
 Dosage of SCM as a percent of total cementitious material  = 25% 
Cementitious Materials content of 1 m
3
 of concrete   = 420 kg 
Cement Content of Concrete (75% of total cementitious content) = 315 kg 
SCM content (25% of total cementitious content)   = 105 kg 
206 
Amount of Alkali in the Concrete     = 315 kg x 
0.90% 
          = 2.835 kg 
 Specified Amount of Alkali in Concrete    = 315 kg x 
1.25% 
          = 3.938 kg 
 Amount of Alkali to be added to Concrete   = 3.938 kg – 2.835 kg 
          = 1.103 kg  
 The 1.103 kg of alkali (i.e. the difference) is the amount of alkali, expressed as  
Na2O equivalent, added to the mix water.  The conversion factor to convert Na2O 
equivalent to NaOH is 1.291, derived as follows: 
 
 
 Na2O + H2O      2NaOH 
 1 mole of Na2O    2 moles of NaOH 
 61.98 grams/mole of Na2O    2 x 39.997 grams/mole of NaOH 
  
Therefore the conversion factor is 2 x 39.997 / 61.98 = 1.291. 
 
Therefore, NaOH required to achieve an a total alkali content of 1.25% of Na2O 
in 1 m
3
 of concrete = 1.291 x 1.103 = 1.424 kg/m
3
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Length-Change Measurements and Measurement Time Intervals 
 
Length-Change Measurements 
 The length-change measurements of the test specimens should follow the procedure 
of ASTM C157/157M, with exception of not storing the prisms in lime saturated water.  
The test specimens should be demolded at 24±1 hours after casting.  After taking the 
reference bar reading, the initial length reading and weights of the test specimens should 
be taken.  The three prisms should then be submerged in a volume of water that is twice 
the volume of the three test specimens (which is equal to approximately 4.5 liters) in an 
air-tight storage container and the entire storage assembly should be placed in an oven or 
other such device capable of maintaining a constant temperature of 60˚C ± 2 ˚C (140 ˚F ± 
3.6 ˚F) during the course of the testing.  At the end of 48 hours from the time of casting 
(i.e. after 24 hours in 60ºC water), the zero-day length change reading should be taken.    
Immediately after taking the zero-day reading, the test prisms should be transferred in to 
1N NaOH soak solution that has already been preconditioned to a temperature of 60˚C ± 
2 ˚C (140 ˚F ± 3.6 ˚F) in an air-tight storage container.  
 Subsequent length change and weight readings of the test prisms should be taken on 
the following days after zero-day reading:  between 3 to 5, 7, between 10 to 12, 14, 21, 
28, 42, 56, 70 and 84 days.  Before taking any length-change readings at any age, it is 
important to calibrate the measuring device using the reference bar, as per the standard 
practice observed in ASTM C 490.   
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The percent length change in test specimens at any age (X days) is calculated as follows: 
 
    
      
 
       
Where,  
 
L =  Change in Length at X Days, % 
Lx =  Comparator Reading of Test Prism at X days minus the Comparator Reading 
of the Reference Bar at X days 
Li =  Comparator Reading of Test Prism at Zero Day minus the Comparator 
Reading of the Reference Bar at Zero Day 
G =  Nominal Gauge Length, 10 inches 
 
Calculate length change values for each specimen to the nearest 0.001 % and report 
averages to the nearest 0.001 %. 
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Weight-Change Measurements 
It is suggested that at all stages of the test when length change readings are taken, 
simultaneously weight of the test specimens should be measured.  Although, weight-
change in the test specimen is not used to characterize aggregate reactivity in this test 
method, it serves as an indicator to establish the consistency of the test results and to 
identify the onset of any significant deterioration in the test specimens.  This data may 
offer evidence to explain any unanticipated behavior observed in the test. 
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